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Preface

From the early days of Homo Sapiens, as we know it today civilization developed
mostly by burning wood for cooking and keeping warm, which was subsequently
followed by burning coal and other fossil fuels. The thermal energy released from
the combustion process is used to drive chemical reactions and materials sin-
tering, which ultimately led to the birth of such fields as hydrodynamics, ther-
modynamics, and photochemistry, with the latter through the use of sunlight.
These fields are connected through chemical engineering and materials process-
ing. Unfortunately, the generation of heat by the combustion of wood and fossil
fuels inevitably generates greenhouse gases such as carbon dioxide (CO,), respon-
sible in part for global warming. The energy released from the combustion process
cannot be sustained for very long, so that further development of energy sources
has relied heavily on the energy of the atom through nuclear reactions that have
been shown to have serious consequences. For the long term, to sustain life and
further development, mankind will have to rely on the energy from electromag-
netic waves (radio waves and light).

Microwave radiation has now been used for more than 20 years as a heat source
for materials synthesis and sintering. For this reason, the energy embodied in the
microwaves can be absorbed by substances directly; energy saving is one of the
advantages in the use of microwave radiation.

The chemistry of the twentieth century was essentially developed through the
use of substrates that acted as catalysts. For example, at the beginning of the twen-
tieth century, whatever soil nitrogen (mostly nitrates) was available proved insuffi-
cient for intensive production of crops. Accordingly, several commercial processes
to produce nitrogen fertilizers were developed with the best known process being
the Haber—Bosch process (discovered by Fritz Haber in 1906 and industrial pro-
duction by Carl Bosch in 1913) that converted air nitrogen into ammonia using
iron-based catalysts. The challenges of the twenty-first century will be, among oth-
ers, the development of processes that achieve lower greenhouse gas (e.g., CO,)
emissions and discover novel energy-saving catalyzed reactions. A natural choice
in such efforts would be the combination of catalysis and microwave radiation.

The main purpose of this book is to give an overview into the preparation of
catalysts and explore catalytic reactions using the microwave method. As such,
the book is divided into three principal topics: (i) introduction to microwave

XXI



XXl

Preface

chemistry and microwave materials processing; (ii) fundamentals of microwave
chemistry and microwave-driven catalysis; and (iii) applications of microwaves
that include the preparation of catalysts, microwave flow methodology, hybrid
microwave method with other techniques such as organic reactions, hydrogena-
tion and fuel formation, oil refining, biomass and wastes, and environmental
remediation. To the extent that the data available in the literature were enormous,
we have had to make the difficult choice to include only the more relevant and
up-to-date literature. We are grateful to all the contributing authors who have
answered our call, and thank the Wiley-VCH editorial staff for their thorough
and professional assistance. The data presented would not have been possible
without the fruitful collaboration of many university and industrial researchers,
and not least without the cooperation of students whose names appear in many
of the publications cited. We are indeed very grateful for their effort.

We hope this book becomes a starting point for researchers in other fields to
become interested in pursuing microwave chemistry, in general, and microwave-
driven catalyzed reactions, in particular.

April 2015 Satoshi Horikoshi
Tokyo Nick Serpone



1
General Introduction to Microwave Chemistry
Satoshi Horikoshi and Nick Serpone

1.1
Electromagnetic Waves and Dielectric Materials

The common characteristics of electromagnetic waves (light and radio waves) are
that they (i) have no mass, (ii) are free to move at the speed of light, (iii) cannot
collide with each other, (iv) possess significant energy, and (v) are reflected on
a metal surface. By contrast, when microwaves (MWs) are used to irradiate
dielectric materials, various phenomena occur according to the nature of the
electromagnetic waves. The influence of electromagnetic waves on dielectric
materials in various ranges of the electromagnetic spectrum is summarized in
Figure 1.1 [1], which also shows the various analytical instruments and their
usefulness in the ranges indicated.

Atomic species: If a dielectric is placed in an alternating electric field of the
electromagnetic waves, the positions of the atomic nucleus (protons) and
of the electrons that constitute the dielectric tend to follow the course of
the electric field. The spatial relationship of a proton and an electron in an
atom becomes distorted when subjected to the electric field (referred to as
electronic polarization). Since the electric dipole that reflects the electric
deviation (a proton and an electron) inside an atom is very small, a reso-
nance phenomenon will occur with light of short wavelengths such as X-rays
and ultraviolet rays.

Molecular species: The distortion of the electric charge by electromagnetic
waves also occurs in a molecule with an electric dipole moment and in a
salt. For example, in the structure of NaCl salt, composed of Na* and Cl~
ions, distortion of the structure arises when subjected to an alternating
electric field (referred to as ionic polarization). An electric dipole moment
of a molecule is large compared with that of an atom, so that resonance
occurs in the infrared domain, that is, at the longer wavelengths. The
magnitude of ionic polarization is dictated by the interionic distance
and the types of ions involved. Moreover, changes in bond lengths in an
organic molecule occur through stretching and bending vibrations. These
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Figure 1.1 Resonance of dielectric to electromagnetic waves and positioning of the analyt-
ical equipment. Reproduced from Ref. [1] Copyright 2013 by Wiley-VCH Verlag GmbH.

phenomena occur at various wavelength regions absorbed, depending
on the chemical structure; they can be observed by means of an infrared
absorption spectrophotometer.

Molecular assemblies: Orientation polarization of a dielectric possessing an
electric dipole takes place on interaction with the electromagnetic waves
in the microwave range. Moreover, as for the case of ions in a solution,
Joule heating takes place by space —charge polarization. For example, when
microwave heating an electrolyte/water solution, dielectric heating and
Joule heating occur simultaneously compared with pure water, and thus
the exothermic efficiency becomes remarkably high. Accordingly, dielectric
heating by orientation polarization of water and resistance heating by the
Joule process are enhanced in electrolyte/water media.

1.2
Microwave Heating

Microwave radiation is electromagnetic radiation spanning the frequency
range 30 GHz-300 MHz (i.e., from a wavelength of 1m to 1cm). It is used
widely in communications and in heating processes, especially in the heating of
foodstuff. Historically, the powerful interaction of microwaves with materials
was discovered in 1946 from the melting of chocolate, a process attributed to



1.2 Microwave Heating

microwave heating, whereas the first commercial microwave oven was developed
in 1952 by the Raytheon Company [2]. This discovery is frequently taken up as
an example of serendipity. Before the discovery of microwaves, high-frequency
induction heating was commonly used. The patent of dielectric heating by
means of high-frequency induction was issued in 1933 [3]. In the 1970s, the
microwave generator was re-engineered by Japanese scientists into a domestic
microwave oven (using a simple, reliable, and inexpensive magnetron), which
allowed for simple food and mass processing [4]. Domestic and industrial
microwave ovens generally operate at a frequency of 2.45 GHz corresponding to
a wavelength of 12.24cm and an energy of 1.02Xx 107> eV, or around 900 MHz
with a longer wavelength of 37.2 cm, which can provide up to 100kW in larger
process heating applications [5]. Since then, microwave chemistry has become a
rapidly developing branch in numerous fields of research, in industry, and in its
applications.

A molecule is formed when atoms combine to share one or more of their
electrons. This rearrangement of electrons may cause an imbalance in charge dis-
tribution, thereby creating a permanent electric dipole moment. These moments
are oriented in a random manner in the absence of an electric field so that no
polarization exists. Electric dipole moments in a polar molecule undergo group
movement so that a mutual electric dipole may be left without. When a microwave
is applied to this state, an electric field has an influence on the electric dipole
(Figure 1.2). The microwaves’ electric field (E field) will exercise a torque (N) on
the electric dipole, and the dipole will consequently rotate to align itself with the
electric field thus causing orientation polarization to occur [6]. If the field changes
direction, the torque will also change. The orientation polarization changes by a
vibration in a microwave electric field. A time difference is caused between the
frequency of the microwave electric field and the electric dipole of molecules. At
the general frequency of 2.45 GHz, the microwaves vibrate 2 450 000 000 times/s;
a molecular cluster cannot follow this vibration through the power chain with
the surrounding molecules. This delay changes to heat energy (kinetic energy)
as loss of the electromagnetic wave energy. The friction accompanying the
orientation of the dipole will contribute to dielectric losses. The dipole rotation
causes a variation in both €, (the relative dielectric constant) and ¢, (the relative
dielectric loss) at the relaxation frequency, which usually occurs in the microwave
region. Water is an example of a substance that exhibits a strong orientation
polarization.

Torque (N)

g

E field
Polar molecule ¢

Figure 1.2 Image of dipole rotation for polar molecule in an electric field (E field).
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By contrast, a solid substance with a partial electric charge (a dielectric
material) is also an insulator. The slight distortion of the atomic position (lattice
point) in a structure lattice, and the lattice strain of a crystal of solid substances
cannot follow the changing time of the microwave electric field. Microwave
heating of a solid substance progresses by these phenomena [7]. On the other
hand, the heating of solid substances with a magnetic dipole moment occurs
by the microwaves’ magnetic field component. The heating process is the same
phenomenon as by the microwaves’ electric field [8]. Generation of heat by
magnetic loss heating is expected only in magnetic (solid) materials. Joule
heating progresses by the interaction of an electric or a magnetic field with solid
particles of activated carbon and with solids possessing conductivity-like metallic
properties [9].

1.3
The Various Types of Microwave Heating Phenomena

Polarization phenomena are generated regardless of the polar or nonpolar
nature of the molecules. On the other hand, alignment polarization (molecular
alignment) occurs only when the polarity of molecules is affected by the electric
field because of their permanent dipoles. Thus, the role of microwaves (and
radio waves) is not simply as a heating source. With regard to the latter, we
must recognize three types of heating phenomena caused by microwaves:
(i) conduction loss heating, (ii) dielectric heating, and (iii) magnetic loss heating.
In this regard, the thermal energy P produced per unit volume originating from
microwave radiation is given by Eq. (1.1) [10]:

1
P= §U|E|2+7If606r”|E|2+7Tf/l0,ur”|H|2 (1.1)

where |E| and |H| denote the strength of the microwaves’ electric and mag-
netic fields, respectively; o is the electrical conductivity; f is the frequency of
the microwaves; ¢, is the permittivity in vacuum; €,” is the relative dielectric
loss factor; p, is the magnetic permeability in vacuum; and u,” is the relative
magnetic loss.

The first term in Eq. (1.1) expresses conduction loss heating; the second term
denotes dielectric loss heating, whereas magnetic loss heating is given by the third
term. Microwave heating of solutions is governed mostly by dielectric loss heating,
whereas conduction loss heating involves mostly, but not exclusively (see later),
solid materials. Therefore, microwave heating of materials is dictated by the elec-
trical, dielectric, and magnetic properties. Moreover, when a change of frequency
occurs, their behavior also changes. It is possible to design catalyzed reactions
based on these properties and build innovative microwave chemistry processes.
A catalyzed reaction occurring on a solid catalyst is expected to show character-
istic differences relative to the solution bulk because the reacting substrates in
the liquid medium may be adsorbed onto the solid’s surface. Temperature rise in
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systems involving solely gaseous molecules is negligible because the molecular
density is rather small.

1.3.1
Conduction Loss Heating (Eddy Current Loss and Joule Loss)

The hydroxide ion is a typical ionic species with both ionic and dipolar charac-
teristics. The conductive loss effect can become larger than dipolar relaxation in
solutions that contain large quantities of ionic salts. Conduction losses tend to
be less at ambient temperatures in the case of solids but can change substan-
tially with an increase in temperature. A typical example is alumina (Al,O,) whose
dielectric losses are negligibly small (~1073) at ambient temperature, but can reach
fusion levels in very short times (minutes) in a microwave cavity. This effect orig-
inates from a strong increase in conduction losses associated with the thermal
activation of electrons, which migrate from the oxygen’s 2p valence band to the
aluminum’s 3s, 3p conduction band. Moreover, conduction losses in solids are
usually enhanced by defects in materials. These sharply reduce the energy needed
to generate electrons and holes in the conduction and valence bands, respectively.
In the particular case of carbon black powder, conduction losses are rather high,
so much so that this material is often used as an impurity additive to induce losses
within solids whose dielectric losses are too small.

1.3.2
Dielectric Heating

Nonconductive materials can be heated by the microwaves’ electric field through
molecular rotation of the molecules’ electric dipoles, with the latter aligning them-
selves with the field. As the field alternates, the molecular dipoles reverse direction
(vectorially) and accelerate the motion of individual molecules or atoms, thereby
generating heat through friction of the molecules as they rotate against each other.
Dielectric heating can therefore be applied to the heating of solutions. By con-
trast, heating of electroconductive solids, such as metals, implicates ohmic losses
in the material in virtue of the current flow induced by the oscillating electric
field.

The dipolar polarization mechanism only concerns polar compounds, for
example, water, methanol, ethanol, which possess a permanent dipole moment
[4]. With regard to the frequency of the applied electric field, the dipoles can
behave threefold: (i) at low frequencies, the dipoles keep in phase with the
electric field and the temperature of the irradiated medium hardly rises; (ii) at
high frequencies, the response time of the dipoles is too long to follow very
rapid oscillations of the electric field and no energy is absorbed; and (iii) at the
microwave frequencies, the dipole rotation lags behind the changes of the electric
field and results in the heating of the irradiated material.

Dipolar polarization, P4, occurs on a timescale of the order of those associated
with microwaves. Hence, when a dielectric is subjected to an external electric field
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of strength E, the polarization is related to the intrinsic properties of the material
through the relation expressed by Eq. (1.2) [11]:

Py =gy, — DE (1.2)

where ¢ is the permittivity in free space and ¢, is the relative permittivity of the
material. Given that in reality the permittivity is a complex quantity, €* (equal to
the product ¢ - €, and expressed as e* = ¢’ + ie’’) [12], then the loss tangent (tan §)
is commonly used to describe the interaction of a dielectric with the microwaves.
The ability of a material to convert microwave energy to thermal energy (tan §)
depends on the dielectric properties of the material and is defined by Eq. (1.3):
£ "
tans = gr, (1.3)

r

Dielectric parameters of common organic substances typically used in industry
have been determined at various temperatures at 10 °C intervals using a con-
ventional plate heater. The temperatures of the solutions were measured with an
optical fiber thermometer. The temperature-dependent tan & of these substrates
at 20, 50, and 90 °C are summarized in Table 1.1.

133
Magnetic Loss Heating (Eddy Current Loss and Hysteresis Loss Heating)

In metal oxides such as ferrites and other magnetic materials, magnetic losses
occur in the microwave region. These losses are different from hysteresis or
Eddy current losses because they are induced by domain wall and electron spin
resonance (ESR). Such materials are typically placed at positions of magnetic
field maxima for optimal absorption of the microwave energy. Transition metal
oxides (e.g., iron, nickel, and cobalt oxides) possess high magnetic losses and can
thus be used as added loss impurities or additives to induce losses within those
solids for which dielectric loss is too small. For instance, induction heating by the
microwaves’ magnetic field is expected to occur in catalyzed reactions involving
solids, an example being the rapid induction heating of magnetite (Fe;O,) but
not hematite (Fe,O,) as the latter is not a magnetic material [13].

134
Penetration Depth of Microwaves

Even though the dielectric loss of a solvent may be high, the heating efficiency
is sometimes low. This may be caused by the shallow penetration depth of
the microwaves. For example, though solar light is absorbed by sea water,
it is nonetheless dark at greater depths. A similar phenomenon occurs with
microwaves in that as the microwave energy is changed into heat it decreases.
Therefore, if a large size reactor is used, the microwaves may not heat the
center of the solution. The penetration depth D, (in cgs units) is the depth at
which microwaves pervade into the material and the power flux has fallen to



7

1.3 The Various Types of Microwave Heating Phenomena

(fvajaano panuguos)

€920°0 auePQ 090T°0 audZUdqoOWoIg 0LET'0 aprurewIofAyIoWIq- NN
Z180°0 9UAZUOIOYDI(- 1L €6.1°0 aje0zUaq [AIOIN 9991°0 aje[Aorres [Azuag
1280°0 aUdZURGOWoIg LEST'O aprxoy[ns [Ayrowi( €9LT°0 [oueydoH-T
T8CT°0 aprxoj[us [Ayrowiq 6€8T°0 3ULZUS]OIONYII(J-0 STET0 [ouexaH-T
68210 aUdZUI]OIONYI(-0 9612°0 aye0zuaq [Ayrg 60%C°0 p1oe o122y
61ET0 aye10e] [Ay1g €0¥CT°0 pIoe 01320y 11420 areozuaq [AYION
9HHT0 areozuaq JAyloN 6LYT°0 a1e3e] [Ayig 15520 2UdZUI]OIONYII(J-0
6VST'0 ajeozuaq [Ayig 6L5T°0 Touayd [AyroN-d 9L5T°0 apxojns [Ayjawi(
$OLT'0 surwelAxoIpAyAyIa1q L¥9T°0 arerforres [Azuag 0987°0 ajeozuaq JAyrg
S98T°0 Touayd [Ay1oN-d 8180 ajeozuaq [Aing ST0€°0 aurweAxoIpAyAyIarq
606T°0 [oyoore [AmymjAxoipAyensy, LE8T0 surwre[AxoIpAyAy3a1q 9€0€°0 [ouejuadJ-1
086T°0 auoueng-g 058270 [ouerday-1 750€°0 ajeozuaq [Azuag
$0T20 ajeozuaq [Aing 620 9jeozZUAq [AZUdY €8¢¢'0 Touayd [AyreN-d
76970 [ouayd [Ay3eN-0 0S€€°0 [oyoore [AmymjAxorpAyenay, 1€9€°0 ajeozuaq [Aing
T06T°0 ajeozuaq [Azuag 869€°0 Touayd [Ay1o -0 8E0%°0 Touayd [Ay1oN-0
9€1€°0 arerforfes [Azusg €LLE°0 [ouexaH-T 1L0%°0 auouoT-»
909€°0 [094]8 sua[dyig 856€°0 [oueyIdN 1L1%°0 ayeoe] [Ayig
$OTH0 [ouerdoy-T 896¥°0 [oueIua -1 8EEH'0 [oueing-g
0vTH 0 [ouBYIRAXOYIaW OUTUIY LETS0 auouoT-¢ THHY0 auIIAID
PHH0 auouo-¢ SHES0 auUoU0T-0 809%°0 [oyoo[e [AmyimyorpAyenay,
0SH'0 Joueyig /709°0 [oueYjaLXOIOW oUTUIY 76670 [oueing-|
659%°0 [oueing-g S€89°0 [oueing-T STIS0 auouo-¢
T6LV0 [ouedoig-g $669°0 109418 auajdyrg LESS0 [ouByIdN
8667°0 [ouexaH-T 680L°0 [oueng-g L2590 [oueylaxoyIaw ourwry
6£€5°0 aUoUOT-0 LT08°0 [oueyyy 0999°0 [ouedoig-g
$665°0 [oueIuRd-T 0€18°0 auIIAID L60L°0 [ouedoxd-1
LET90 [ouedoig-1 L0L8°0 [ouedoig-g 66760 [oueyy
€769°0 Jouemg-T 7€88°0 Jouedo1d-1 LETO'T 109418 sud[dyig
D,083egQuel axuelsqns duebiQ J,051egQuey auesqns duebiQ J.0zleguey auesqns dluebiQ

"D, 08 PUB ‘0§ ‘07 JO sainjesadwa) 3 sadueIsgns dJURBIO UOWIWOD JO (@ Ue)) J03DR) SSO| DLIDB[3IP Judspuadap-ainjesadwal  L°L djqelL



General Introduction to Microwave Chemistry

1

*d'q 1000 QueXaH-U +d'q 1000 surwrejddordouoy 0 auTWeAIaTL],
d'q 1000 aurwre[Adoxdouoiy d'q 100 auBYIaWOIONYDI 0 auanjoJ,
*d'q A0 QURYIDWOIOTYDI( 0 uTwre[Ay3atI], 0 QueXaH-U
*d'q 1000 ueInjoIpAyenay, 0 auan[og, 0 surwrejAdoxdouoin
‘d'q 140 a1e3008 A3 0 Quexa-U 0 SUEBYIDWOIONYDI(]
*d'q 100 QU03adY 0 uazuag 0 auazuag
‘d'q 1040 asuedordowoig-g SH00°0 93e300® A3 /500°0 ueINJOIpAYeRINa],
*d'q A0 QUBUON £900°0 ueInjoIpAyenay, S600°0 auazuaq [Adoig
*d'q 1000 asuedordowoig-T 9¢10°0 aye3aoe [Adoig 90T0°0 aye3aoe A7
*d'q 140 auahkx-d T%10°0 auTwreAzuag 1610°0 aueO
*d'q 1900 SualAX-ut 1810°0 suazuaq [Adoig 9620°0 ayejaoe[ddorg
‘d'q 100 aueINqoIoOYD-T 1810°0 au03adY 9670°0 U030y
*d'q 180 pIoe 21330y 68100 suedoadowoig-g 08200 aurwre[Azuag
*d'q 1040 auIA[D €120°0 auoueng-g €0€0°0 asuedoxdowoig-g
"d'q 1240 [ouByIdN L120°0 J[LIIU03INY 62€0°0 9[LNIU03NDY
0 surwre[Ay3a1ay, 92200 auedordowoig-1 99€0°0 auoueing-g

0 auanjoy, 69%0°0 a3e3008 [AIng SEH0'0 UBUON

0 auazuag GE€50°0 aueQ 6570°0 suedordowoig-T
6500°0 surwedzuag 01900 SUBIAX-0 99%0°0 proe oruordoiq
52000 233908 [Adoig 8290°0 dUIZUGOIOTYD 69%0°0 SUBIAX-0
82100 9[1IU03NDY 0590°0 proe oruordoig SL¥0°0 sudhx-d
7820°0 auazuaq jAdoag 9990°0 aueINqoIoYD-T 86%0°0 audAX-ut
8T70°0 ajeje0e [Aing 0£90°0 Qud[AX-d 6£90°0 213008 [AIng
94%0°0 QUIZUIQOIOTYD 8890°0 SuB[AY-1ut ¥590°0 aueINqoIoYD-g
8890°0 SpIWBWLIOJAYIPWI-N‘N F1L0°0 QUEUON %0L0°0 UIZUIQOIOTYD
Sz20°0 QUaAY-0 1260°0 oprwrew IOy AyoWIq- NN H9ZT'0 uaZUdqOWIOIg
€€20°0 proe druordoid 6€0T°0 SULZUSqOIOTYDI(-2 6€€T'0 QUIZUIOIOTYDI- 1
J,081eQUR) aduelsqns dluebio J,051eQuUE) aduelsqns dluebiQ J,0zeQUER) asuelsqns dluebiQ

(panunuod)  1'L 3|qeL



1.4 Fields of Applications with Microwave Heating

1/e (=36.8%) of its surface value. That is, it denotes the depth at which the power
density of the microwaves is reduced to 1/e of its initial value; D, can be estimated
by Eq. (1.4) [7]:

1/2

p =X 2 (1.4)

P
A e’ <\/ 1+ (er"/sr’)2 - 1>

where 1 is the wavelength of the radiation, 445y, =12.24cm. Since the
dielectric constant and the dielectric loss are components of this equation, we can
expect that the penetration depth will change with an increase in temperature.
For example, since the penetration depth at 25 °C is about 1.8 cm for water, even
if we used a reactor 10 cm in diameter, the microwaves will not reach the center
of the reactor. However, at 50 °C, the penetration depth is 3.1 ¢cm, and at 90 °C
it is 5.4 cm so that now the microwaves do reach the center of the water sample
[14]. The penetration depth of the microwaves into almost all nonpolar solvents
is very deep compared with polar solvents. On the other hand, if ions are added
to water, the penetration depth then becomes remarkably shallow. For example,
when NaCl (0.25 M) is added to pure water, the penetration depth into this saline
solution changes from 1.8 cm (pure water) to 0.5 cm at ambient temperature [15].
Moreover, even if this electrolyte/water system was to be heated, the penetration
depth would hardly change (0.4 cm at 90 °C). Therefore, in the case of solutions
containing ions, since microwave heating does not occur, temperature hot spots
will occur only at the surface of the reactor and it will be necessary to carry out
vigorous stirring to control these. Hence, it is necessary to examine the heating
efficiency and the penetration depth of microwaves into a substance to achieve
optimal microwave heating.

1.4
Fields of Applications with Microwave Heating

To the extent that microwaves are electromagnetic waves, they move at the speed
of light. Since a sample is directly heated by microwaves, the time of heat conduc-
tion is shortened considerably relative to conventional heating, and this regardless
of however complex the reactor design might be because reactor design has no
influence on reaction times. Accordingly, microwaves have become an important
heat source in a wide set of applications superseding the more traditional thermal
methods. Microwave energy has been widely developed and applied to almost
every field of chemistry. Figure 1.3 summarizes some of the applications where
microwaves have become a common source of thermal energy, for example, in
such fields as attenuation of environmental pollution, in the medical field, in print-
ing, in paints, in foodstuff, in the fabrication of thin films, in agriculture, and in
the drying of wood [16].
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Figure 1.3 Fields of applications with microwave heating. Reproduced from Ref. [16]. Copy-
right 2013 by Wiley-VCH Verlag GmbH.



1.5 Microwaves in Solid Material Processing

Not least, microwaves have also been used for other purposes such as when
used as a plasma source in the treatment of semiconductor surfaces or in the fab-
rication of industrial diamonds. Moreover, ESR spectroscopy used in chemistry
makes use of 9 GHz microwaves. Also, the microwave radiation used in military
communications has found a domestic niche in the widely used microwave ovens.
The technology has developed into various other fields, one of which that is rel-
evant here is in microwave chemistry, an area that has witnessed unparalleled
growth in the last decade. The applications of microwaves in the chemical field
are also summarized in Figure 1.3, the major ones being organic chemistry, ana-
lytical chemistry, biochemistry, polymer chemistry, catalysis, photochemistry, and
inorganic chemistry of materials.

1.5
Microwaves in Solid Material Processing

A study carried out on the calcination and sintering of ceramics by microwaves
was reported as early as 1972 [17]. Fundamental and application studies soon fol-
lowed around 1980. The early industrial use of microwaves as a heat source was
to remove water from inorganic materials. It was soon discovered [18], however,
that ceramics could also be heated with microwaves (latter half of the 1970s),
which led to the effective sintering of ceramic powders. The conventional heating
methods for such tasks are heat conduction and radiation heating. With regard
to microwave irradiation, the sample itself generates heat. Therefore, a sintered
compact product is obtained at low temperature for a short time.

A symposium held at a conference on materials science by the Materials
Research Society (MRS) revealed that materials processing by microwaves was
a topic that drew a great deal of interest [19]. Indications from the conference
also showed that microwaves could be used not only to determine the quantity
of water in ceramics but also as a technique to detect and analyze formation
of fissures in ceramics and metals [19]. The basic interactions between the
microwaves and materials were also widely discussed. Various kinds of ceramics
have been treated by the microwave method [20]. In recent years, the calcination
of special ceramics with a specific microwave method has also been reported [21].

Since the 1990s, several reactions have been carried out in the presence of solid
catalysts for a potential application of microwave radiation in materials synthesis:
for example, the synthesis of acetylene by oxidization of methane using particu-
late metal catalysts [22]. In contrast to microwave heating, when a conventional
heating method was used, catalyst activity stopped when the reaction was only
about 25% complete, whereas with microwave heating the reaction proceeded to
about 90% completion. Research into the dechlorination of chlorinated substrates
with heterogeneous metal catalysts was also examined in the initial stages (1990s)
of utilization of microwave radiation. The influence of both the microwave fre-
quency and pulsed microwave irradiation was considered; optimal reaction con-
ditions were determined in the presence of a solid catalyst [23]. Of particular
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interest were catalysts that absorbed microwave radiation, and not least was the
notion of differential heating in the quality of a reaction group that involved for-
mation of hot spots on the catalyst surface. Accordingly, the next section examines
selective heating of a heterogeneous catalyst (metallic or organic catalyst) by the
microwaves.

1.6
Microwaves in Organic Syntheses

Two pioneering papers that made use of microwaves in organic synthesis were
published nearly three decades ago in 1986. Gedye and coworkers [24] carried out
organic syntheses using a Teflon reactor and a commercial/domestic microwave
oven; this resulted in a remarkable decrease in reaction time compared to conven-
tional heating methods. Giguere and coworkers [25] pointed out that reactor, sol-
vent, and temperature management were important factors in microwave-assisted
organic syntheses. Research into such application of microwaves increased but
slowly and gradually. By contrast, the number of publications in microwave chem-
istry has increased dramatically since 2000 [26], due in large part to the availability
of commercial microwave devices intended for organic synthesis that led many
chemists to convert from the traditional microwave oven to these newly fabricated
devices. Safety, reproducibility, control of microwave output power, temperature,
and pressure were some of the important and attractive features of such devices.
Currently, microwave organic synthesis systems have become fully automated by
combining with robot technology. Such systems are playing an active part in such
fields as combinatorial chemistry. This has also led research of microwave chem-
istry from the academic laboratory level to the industrial level where microwaves
are being used as a heating tool in organic syntheses.

The biggest attraction of microwaves in this field is the dramatic enhancement
of reaction rates. An example is the Suzuki—Miyaura crossing coupling reaction,
which when performed with microwaves occurs in a reaction time of about 50,
whereas when using the traditional heating methods the reaction times are of
several hours [27]. Similar findings have been reported in various other organic
reactions. Several synthetic examples of solvent-free and noncatalytic reactions
have also been reported. Not surprisingly then, the use of microwaves in chemical
syntheses is particularly attractive in the field of Green Chemistry. Many excellent
books are now available that describe some of the details of microwave-assisted
organic syntheses [28].

1.7
Microwave Chemical Equipment

The inner intricacies in commercial microwave chemical equipment cannot be
judged by looking at the steel case. The equipment consists of various parts to
apply microwave radiation to a sample. The various parts included in microwave
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chemical equipment are explained below. An applicator is needed to apply
microwaves to a sample either in single-mode (mono-mode) operation or in
multi-mode operation. In single-mode operation, the sample is placed at the
maximum location of the standing wave. The resonance of the microwaves
in the single-mode applicator can be adjusted with the iris and the plunger.
Heating of the sample solution in a reactor can be achieved in the single-mode
microwave apparatus of Figure 1.4a either at positions of maximal electric field
(E field; position (i)) density or at the maximal magnetic field (H field; position
(ii)) density within the waveguide. It is not possible to change the strength of
the electric field and the magnetic field under multi-mode operation. On the
other hand, the sample size is subject to restrictions. One of the advantageous
features of the multi-mode applicator is that it can irradiate large samples. To
apply microwaves uniformly, a stirrer and/or a turntable are used. Therefore, the
heating efficiency of a sample is lower than under single-mode operation. The
multi-mode applicator is used in a domestic microwave oven.

The composition of a simple microwave chemical equipment consists of an
applicator connected to the microwave generator (magnetron, power source,
and control unit) by a waveguide. Low-cost microwave commercial ovens consist
of the same components. On the other hand, when performing highly precise
experiments, it is possible to add additional parts to the equipment. For example,
the parts used in a microwave chemical reactor of a single-mode system are
displayed in the schematic of Figure 1.4a, whereas the actual system is pictured
in Figure 1.4b. An iris, a three-stub tuner, a power monitor, and an isolator are
connected between the microwave generator and the single-mode applicator. A
short plunger is also connected to the single-mode applicator. The impedance
between the equipment and the sample can be adjusted with the short plunger
and the three-stub tuner. The higher efficient microwave radiation can be applied
to a sample with impedance matching. On the other hand, an isolator is used to

Electric field
monitor

Isolator

Mw
generator

Coaxial cable

Optical fiber
thermometer

Three-stub tuner

[]
(i) (ii Power monitor

Quartz tube with

solution
TE, 4 mode
(a)
Figure 1.4 (a) Details of the experimen- of the magnetic field (H field) density.
tal setup and positioning of the samples (b) Photograph of the single-mode
in the single-mode microwave resonator; microwave resonator and the 2.45 GHz
(i) maximal position of the electric field semiconductor microwave generator.

(E field) density and (ii) maximal position
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protect the equipment from absorbing the reflection wave. The power monitor is
used to monitor the incident wave and the reflection wave.

A waveguide is a tube made of metal. An optical fiber is a useful tool currently
used to transmit light to its destination. On the other hand, in the domain of
microwaves, the waveguide consisting of a metal tube is used to transmit the
microwaves. The cross-sectional size of the waveguide tube (Figure 1.5) changes
according to the frequency (wavelength) of the microwave radiation generated by
the magnetron or by the semiconductor generator [14].

A magnetron generator is generally used in commercial microwave organic
synthesis apparatuses, regardless of whether it operates in the single-mode
or the multi-mode method. Since high reproducibility has been achieved in
recent years in single-mode apparatuses, organic syntheses carried out using
single-mode equipment have attracted much attention. As a follow-up on this,
a semiconductor generator began to be used in order to obtain high resonance
inside the single-mode applicator. However, a disadvantage of the semiconductor
generator has been the price and the maximum power available. Nonetheless,
semiconductor generators with maximum power of 500 W and with highly
accurate microwave frequencies have recently become available at a price similar
to the costs of magnetrons. A further spread in the use of semiconductor
microwave generators should reduce the price even further. The performance of
the electrical appliance was improved remarkably by switching to a transistor
semiconductor from a vacuum tube. The spread of small cellular phones depends
on the development of a microwave semiconductor oscillator. This course is
also having an influence on microwave chemical equipment. The features of the
semiconductor and magnetron generators are described later.

The frequency distribution of the microwave radiation from the magnetron gen-
erator in microwave cooking ovens is reported in Figure 1.6a, which shows that the
frequency of the microwaves is distributed over a large frequency range from 2.25

Figure 1.5 Actual photograph displaying the different sizes (and sectional areas) of the
waveguides used for 915 MHz microwaves (left), 2.45 GHz microwaves (center), and 5.8 GHz
microwaves (right). Reproduced from Ref. [14]. Copyright 2012 by Wiley-VCH Verlag GmbH.
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Figure 1.6 Frequency spectral distribution of the 2.45 GHz microwave radiation emitted
from the (a) magnetron generator and (b) the semiconductor generator. Reproduced from
Ref. [29]. Copyright 2011 by the American Chemical Society.

to 2.60 GHz [29]. The distribution of the microwave frequency changes depending
on the characteristics of the microwave generator equipment. Note that narrower
frequency waves can be generated with a magnetron of high accuracy. By contrast,
the semiconductor generator produces microwaves only within a very narrow fre-
quency range of 2.4500 + 0.0025 GHz (Figure 1.6b). In the case of the magnetron
generator, the microwave input power distribution reflects the widely dispersed
frequency distribution. Therefore, the output of the actual 2.45 GHz microwaves
is smaller than the input power. On the other hand, when using a semiconductor
microwave generator, the heating can progress efficiently because the microwave
input power is concentrated at the 2.45000 GHz frequency. The microwaves can
resonate better in a single-mode apparatus.

More importantly, a different advantage of a semiconductor microwave
generator is the compact size of the equipment. For example, the power supply
of the magnetron necessary for a 1-kW input power weighs 6 Kg, whereas the

Magnetron

Figure 1.7 Photograph of a GaN semiconductor generator (right) and a magnetron genera-
tor (left).
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power supply of the semiconductor generator necessary for a 1-kW input power
weighs only 0.5 Kg. A photograph of a magnetron generator and a semiconductor
generator is displayed in Figure 1.7. Clearly, the semiconductor transmitter is
smaller. Microwaves from a semiconductor generator are distributed through a
coaxial cable, not a waveguide. Therefore, a flexible coaxial cable can be used for
connecting a chemical reactor to a semiconductor generator. It is also possible
to install a semiconductor generator in a small available space. Also important,
the lifetime of a semiconductor generator is very long (20 years) compared to a
magnetron generator (about 500—1000 hrs). For the input, microwave radiation
of hundreds of watts is generally sufficient in many organic syntheses carried out
at the laboratory scale.

The semiconductor generator can reproduce similar temperature rise condi-
tions in a liquid sample compared with the magnetron generator using remarkably
lower microwave input power. Moreover, the semiconductor generator is an opti-
mal microwave emitter in frequency-dependent reactions (processes) because
the frequency can easily be set in the semiconductor generator. A demonstration
model using these advantages is displayed in Figure 1.8 that shows the inner
chamber of a commercial microwave cooking oven equipped with two GaN
semiconductor generators (maximum power, 250 W). Each semiconductor
generator is connected to directional antennas inside the oven (top and bottom
positions). The microwave radiation from the semiconductor transmitter consists
of a wave of regular frequency, and so it is possible to synthesize by the phase
control of the microwaves emitted from the two antennas depicted in the oven.
Accordingly, selective heating of food can easily be achieved in such microwave
cooking ovens. For instance, if two different foodstuffs are placed on a dish (meat
and potatoes), it is possible to selectively heat only the desired foodstuff (e.g.,
meat). Moreover, even though the two foodstuffs may have different dielectric

L i
Antenna Antenna
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Figure 1.8 Photograph of the inner chamber of a microwave apparatus with microwaves
emitted from the two semiconductor generators (GaN; maximum power at 250 W).
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loss factors, it is possible to heat both uniformly. Such a microwave oven can also
be used for chemical reactions and materials processing.

1.8
Chemical Reactions Using the Characteristics of Microwave Heating

Materials synthesis possessing nanoscale mesoscopic structures, for example,
SnO,/TiO,, using SnO, (high microwave heating efficiency) and TiO, (low
microwave heating efficiency) has been reported by Takizawa and coworkers [30]
using microwave selective heating (Figure 1.9). Such heating by the microwaves
produces a supersaturated solid solution, after which the nanoscale mesoscopic
structures are generated in the microphase.

When titanium metal is heated under an air atmosphere, TiO, is formed by
oxidation, whereas titanium nitride (TiN) is generally prepared by a sputtering
method, which is expensive and requires equipment of a complicated organiza-
tion and not least coating of an uneven sample presents some difficulties. On
the other hand, when microwave heating is used, it is possible to synthesize TiN
easily from a titanium metal substrate under air conditions at 800 °C for 10 min
(Figure 1.10) [31]. TiN possesses excellent wear resistance, corrosion resistance,
and thermal conductivities. Mechanistic details of the preparation of TiN have not
been elucidated.

Microwave calcination equipment for the fabrication of nanometallic inks is
displayed in Figure 1.11a. The lower melting point of the metal nanoparticles com-
pared with bulk metal makes the former useful in new electronic wiring, among
other applications. Since differential heating can be carried out in the atmosphere

Figure 1.9 Transmission electron microscopy
(TEM) image of SnO,/TiO, nanoscale mesoscopic
structures. Photograph provided by courtesy of
Prof. H. Takizawa, Tohoku University, Japan.

C— T

50 nm

Figure 1.10 Pictures of naked Ti metal and TiN
after microwave irradiation with a commercial
microwave oven. Photograph provided by courtesy
of Prof. H. Takizawa, Tohoku University, Japan.
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Figure 1.11 (a) Microwave nanometallic

ink continuous processor system and

(b) microwave processing of (i) nano-Ag ink,

(ii) nano-Cu ink, and (iii) nano-CuO ink on a

PET plastic base. Photographs provided by

Q) (i (ii) courtesy of Fuji Electronic Industrial Co. Ltd,
Japan.

(b)

under microwave irradiation, such plastics as polyethylene terephthalate (PET)
can form the base of the electronic wiring. When the pattern on the plate is written
with a paste of either silver or gold, sparks will result if microwave irradiation was
to be carried out in a regular microwave oven. However, a significant advantage of
the microwaves’ magnetic field heating is that no sparks occur when heating the
metal nanoparticles. Low-temperature calcination of an indium tin oxide (ITO)
film or a ZnO film, and recovery of a rare earth (among others) are possible with
such a methodology.

An additional advantage of the microwaves’ magnetic field heating method is
on the coating of a PET plastic base to form Ag, Cu, and CuO nanoparticle ink
(Figure 1.11b). Generally, oxidation of the surface of copper occurs when heated by
a conventional heating method in an open atmosphere. However, with microwave
magnetic field heating, even if heating was carried out in the presence of air, the
copper surface is not oxidized because oxidation would drastically change the
electrical properties of the ink. Clearly the microwave method that avoids for-
mation of an oxide film is an effective methodology in such materials processing.

A relation between oxygen and the microwaves also seems appropriate in
solution chemistry. To the extent that some reactions are oxygen sensitive,
degassing of dissolved oxygen in water and in 2-propanol solvent was examined
by microwave heating [32]. Degassing dissolved oxygen from a water sample is
more efficient when the solution is exposed to microwave irradiation (heating)
than when heated by conventional means (oil bath) under otherwise identical
temperature conditions. The efficacy of the microwaves was greater at the lower
frequency of 915 MHz than with the more commonly used frequency of 2.45 GHz
as a result of the greater penetration depth of the 915 MHz microwaves into the
reactor. Degassing was carried out by exposing the water sample to 2.45 GHz
microwaves with the sample located within the waveguide at positions rich
in either the electric field or magnetic field densities (7'=80°C). Microwaves
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e oY
(a) (b) (c) (d)
Figure 1.12 Photograph of the solutions pipette degassing method after a 10-min
before (a) and after (b-d) the synthesis of heating period: (b) 915 MHz, (c) 2.45 GHz,
cyclohexanol from cyclohexanone in the and (d) oil bath. Reproduced from Ref. [32].

presence of 2-propanol and Wilkinson’s cat-  Copyright 2014 by Elsevier B.V.
alyst on removing dissolved oxygen by the

were again more effective than conventional heating (38% vs. 30%) in degassing
dissolved oxygen in 2-propanol solvent. Figure 1.12 illustrates a photograph of
the reaction solutions degassed with argon purging the solution with a Pasteur
pipette after heating for a 10-min period [32]. The initial light yellow solution
(Figure 1.12a) changed to a brownish color after this time period with the color
intensity differing according to the heating method used. The intensity of the
brownish color increased in the order: 915MHz (Figure 1.12b)<2.45GHz
(Figure 1.12¢c) < oil bath (Figure 1.12d). The solution heated with the oil bath
displayed the most intense color change (Figure 1.12d), suggesting some oxidative
decomposition of Wilkinson’s catalyst present in the synthesis of cyclohexanol
from cyclohexanone in 2-propanol solvent. Similar observations of color change
were made when the initial solution that had been purged with oxygen gas
was heated. Evidently, degassing the oxygen-rich 2-propanol solution was slow
compared to the inactivation of Wilkinson’s catalyst. With regard to the effects
of microwave irradiation versus conventional heating on product yields in the
conversion of cyclohexanone to cyclohexanol in 2-propanol media and in the
presence of Wilkinson’s catalyst, CIRh(PHj;),, little difference was found in
product yields irrespective of whether the reaction was activated by microwave
irradiation or by conventional heating from an oil bath (81-86% after 10 min).
However, argon purging the solution with a Pasteur pipette did reveal some
changes in product yields: about 13% by conventional heating, 37% by 2.45 GHz
microwaves, and 41% with 915 MHz microwaves also after 10 min. Wilkin-
son’s catalyst appeared more stable under microwave irradiation than under
conventional heating.

Organic syntheses have been carried out using some of the features of
microwave heating. The efficiency of microwave heating changes according to
the dielectric loss of a substance. Organic syntheses that use this characteristic
have been reported by Raner [33]. After commencement of microwave heating
a two-phase water/chloroform system (1:1 by volume; 100ml) for 40s, the
temperatures of the aqueous and organic phases were 105 and 48 °C, respec-
tively, owing to differences in the dielectric properties of the solvents. A sizable
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differential could be maintained for several minutes before cooling. Comparable
conditions would be difficult to obtain by traditional heating methods. Differen-
tial heating is particularly advantageous in carrying out Hofmann elimination
reactions (Figure 1.13) [33]. A mixture of N-[2-(4’-ethoxybenzoyl)ethyl]-N,N,N-
trimethylammonium iodide, water, and chloroform was heated with stirring for
1min at 110°C (temperature of the aqueous phase). During the reaction, the
product 4/-ethoxyphenylvinyl ketone was extracted and diluted into the poorly
microwave-absorbing but cooler organic phase. The mixture was then subjected
to rapid post-reaction cooling; the ketonic monomer was obtained in 97% yield.
Selective heating can occur in a heterogeneous catalyzed reaction.

A study that considered microwave frequency effect has also been reported.
For example, the usefulness of the 5.8 GHz microwaves was demonstrated by car-
rying out the organic solvent-free synthesis of 2-allylphenol through the Claisen
rearrangement process, as well as the synthesis of the C,,-C,—C,, Gemini surfac-
tant in ethanol solvent to demonstrate the usefulness of the 915 MHz microwave
frequency [15].

Microwave chemistry has been a subject that has generated much excitement
of late. Prompt and high-quality syntheses can be achieved using the microwave
technique. Some of the fundamental research in microwave radiation has been
developed by industry. The next stage will involve the improvement of efficient
chemical syntheses as might be required for possible industrial applications in the
preparation of significant quantities of high-value chemicals. For this to occur,
however, it will necessitate a combination of microwave chemistry with highly
coherent microwaves as established in the communication field. In this regard,
such coherence of electromagnetic waves is typically found in lasers. The ampli-
fication by interference of a highly coherent wave promises to enhance the effi-
ciency of microwave chemistry accompanied with high energy saving. However, it
is very difficult for a chemist to understand, let alone master microwave radiation.

100 °C/1 min
- B ——
EtO NACRI eo 97% yield
Agqueous solvent
(over 100 °C)
Microwave Only heating of water phase

Chloroform solvent
(less than 50 °C)

Figure 1.13 Hofmann elimination reaction taking place by selective heating. Reproduced
from Ref. [33]. Copyright 1995 by the American Chemical Society.
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Figure 1.14 Factors of the samples, heat, and electromagnetic waves (microwaves) in the
fields of chemical reactions and materials processing; relationships between each factor are
also shown. Reproduced from Ref. [34]. Copyright 2013 by S. Horikoshi.

Properties of the sample (i), heating the sample (ii), and the electromagnetic waves
(iii) must always be controlled. Various factors impact microwave chemistry. The
interconnections between these factors are summarized in Figure 1.14 [34].

1.9
Microwave Frequency Effect in Chemical Syntheses

Microwaves are electromagnetic waves that span the frequency range
0.3-300 GHz so that there is no need to adhere to the commonly used 2.45 GHz
frequency. When examining frequency effects, two barriers have obstructed the
researcher’s curiosity. In the first, the microwave device that can generate different
microwave frequencies have tended to be very expensive compared to devices
that operate at the common frequency of 2.45 GHz. Recently, however, chemical
reaction equipment that can generate different frequencies has become available
at costs otherwise similar to those available at the 2.45 GHz frequency. The
second barrier has been with the industrial, scientific, and medical (ISM) bands



22

1 General Introduction to Microwave Chemistry

that have been reserved internationally for the use of radio frequencies employed
for ISM purposes other than communications [35]. Examples of applications in
these bands include radio frequency process heating, microwave heating source,
and medical diathermy machines. The powerful emissions of these devices can
create electromagnetic interference and disrupt radio communications that
use the same frequency. Accordingly, these devices have been limited only
to certain frequency bands. The ISM bands are defined by the International
Telecommunication Union — radio communications sector (ITU-R). The globally
used frequencies are 2.45, 5.8, and 24 GHz; other frequencies are established by
each country (Table 1.2) [14].

For several years, the microwave (MW) frequency response and impact on
chemical reactions have been examined in only but a few cases. Research reports
regarding frequency effects in microwave-assisted organic syntheses have tended
to be rather scarce. In the field of inorganic chemistry, Moller and Linn [36]
used 5.8 GHz microwaves to calcine ceramics, and Takizawa and coworkers [37]
utilized 28 GHz microwaves for the rapid synthesis of (In ¢, Fe,43),05, whereas
5.5 GHz microwaves were used [38] in the rapid syntheses of cryptomelane-type
manganese oxides for catalysis. In the field of organic chemistry, Gedye and
Wei [39] used a variable-frequency microwave oven to effect the Knoevenagel
reaction of acetophenone with ethyl cyanoacetate in the presence of piperidine
(no solvent; microwave frequency, 8.1 GHz); with anisole as the solvent, the
reaction was carried out at 12.2 GHz. Séguin and coworkers [40] reported a new
IR reactor cell built with a microwave cavity operating at a frequency of 5.8 GHz;
this equipment allowed efficient and time-resolved heating of the catalyst. The
authors also showed that the 5.8 GHz microwave frequency is the optimal
frequency for catalyst heating. Microwave-induced oligomerization of methane

Table 1.2 Frequency allocation for industrial, medical, and scientific (ISM) purposes in the
range 0.4-25GHz.?

Frequency (GHz) Tolerance level (GHz) Area permitted

0.43392 0.43305-0.43479 Austria, Netherlands, Portugal, West Germany,
Switzerland, Africa

0.896 0.886-0.906 United Kingdom

0.915 0.902-0.928 North and South America

2.375 2.325-2.425 Albania, Bulgaria, Hungary, Romania
Czechoslovakia, USSR

2.450 2.400-2.500 Worldwide except where 2375 MHz is used

3.390 3.1866-3.5934 The Netherlands

5.800 5.725-5.875 Worldwide

6.780 6.765-6.795 The Netherlands

24.125 24.000-24.250 Worldwide

a) Reproduced from Ref. [14]. Copyright 2012 by Wiley-VCH Verlag GmbH.
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with nickel, iron, and activated carbon catalysts has been examined relative
to microwave frequency and other parameters by Conde and Suib [41]. When
frequency was increased, the activity of the catalysts was enhanced. Watanabe
and coworkers have proposed microwave solvolysis as a pretreatment of wood
biomass using 5.8 GHz microwaves [42].

Both the chemical structure of the substrates and the frequency of the
microwave radiation have been shown to be important parameters in the syn-
thesis of 3,6-diphenyl-4-n-butylpyridazine through a Diels—Alder process [43],
in the syntheses of [bmim]BF, ionic liquid [44], in the synthesis of cyclohexanol
with Wilkinson’s catalyst [32], in the synthesis of C;,—C,—C,, Gemini surfactant
[15], in preparing 4-methylbiphenyl using the Suzuki—Miyaura coupling reaction
[14], in nanoparticle synthesis [45], in photocatalytic wastewater treatments [46],
and in the enzymatic proteolysis of a peptide [47]. Despite the preponderance
of worldwide microwave ovens (including commercial systems used by research
chemists) that operate at 2.45GHz, the use of other microwave frequencies
should not and must not be disregarded in furthering the development of
microwave chemistry and the possible scale-up of microwave-assisted organic
syntheses. For instance, using a single-mode applicator, microwaves at the
915 MHz frequency (wavelength: 32.79 cm) can permit irradiation of a reactor
of larger size because of the inherent larger size of the waveguide (sectional area
of the waveguides: 24.77 x 12.38 cm?) compared to the 2.45 GHz (wavelength:
12.24 cm) waveguide (sectional area of the waveguides: 10.92 X 5.46 cm?) [15].
Furthermore, heating large quantities of alcohols is remarkably effective at
the lower frequency compared to the higher microwave frequencies, namely
915 MHz and 2.45 GHz.

At the industrial scale, it is well known that the extent of energy conversion
(more than 80%) and the lifetime (more than 10000 h) of a 915 MHz magnetron
are two attractive features of this frequency than those of the 2.45 GHz mag-
netron (70% and 8000h). Conditions for which 915 MHz was more suitable
for making large-sized equipment have been met. On the other hand, heating
a nonpolar solvent with 5.8 GHz microwaves is particularly effective owing
to the higher densities of the electric and magnetic fields. The wavelength
(sectional areas of the waveguides: 4.0 x 2.0cm?) of the 5.8 GHz (wavelength:
7.46 cm) is most suitable for heating a small sample because it is short compared
with 2.45 GHz (Figure 1.5). It is difficult from the point of view of controlling
the temperature to heat a small quantity with microwaves [48]. The domestic
multi-mode technique provides a field pattern with areas of high and low field
strengths, such that the temperature of small samples (e.g., biological mate-
rials) can vary drastically between different positions of the samples, which
could lead to formation of localized hot spots and cold spots. For example,
the microwave apparatus proposed for enzymatic reactions at the microliter
scale can achieve strict temperature control when using a 5.8 GHz microwave
system [47] that incorporates a semiconductor generator. Therefore, power-saved
microwaves (microwatt level) can stably irradiate small-scale biomaterial samples
(Figure 1.15) [47].
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Figure 1.15 (a) Details of the experimental  of the single-mode microwave resonator and
setup and positioning of the samples in the  the 5.8 GHz semiconductor microwave gen-
single-mode 5.8 GHz microwave resonator; (i) erator; the photograph also shows the actual
maximal position of the electric field (E field) position of the sample at the H field maxi-
density and (ii) maximal position of the mag- mum. Reproduced from Ref. [47]. Copyright
netic field (H field) density. (b) Photograph 2015 by Elsevier B.V.



1.10
Summary

References | 25

The fields of microwave chemistry and material processing have grown immensely
since the 1990s, and considerations from a physicochemical point of view are
advancing the microwave effect. Studies of chemical processes using the features
of microwave heating have also become popular. Choosing the optimal frequency
of the microwaves for each situation can promote microwave chemistry further.
Moreover, the use of several microwave frequencies could also prove beneficial
to the chemical industry in microwave organic chemistry, as it may open up new
applications of microwave-assisted organic syntheses, such as solvent-free reac-
tions and supported reactions, as well as the preparation and reactions of inor-
ganic solids, particularly where solvents cannot be heated by the most commonly

used 2.45 GHz microwaves.
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2
Loss Mechanisms and Microwave-Specific Effects in

Heterogeneous Catalysis
A.E. Stiegman

2.1
Introduction

The application of microwaves to chemical process has increased dramatically
in recent years, particularly in the area of organic synthesis, where the reported
observation of large accelerations in reaction rate enhancements has been the
motivating factor. Studies to date in the area of microwave-enhanced organic
chemistry have been well reviewed in a number of articles and books [1-7]. In
spite of intense activity in the study of microwave-driven homogeneous reactions,
considerable controversy still exists over the degree to which microwave radiation
can exert a specific enhancement effect on the rate of these reactions. Conversely,
the use of microwaves to drive heterogeneous catalyzed reaction systems is much
less controversial as clearly defined mechanisms exist by which microwaves can
enhance chemical reactions on solid surfaces [8—12].

The most obvious advantage that microwave radiation affords in driving a het-
erogeneously catalyzed reaction is the ability to selectively heat the catalyst. Many
industrial processes utilizing heterogeneous catalysts are high-temperature pro-
cesses wherein both components of the reaction (i.e., catalyst and medium) are
heated to the temperature required for the reaction to occur.

Microwave heating can, under appropriately designed conditions, selectively
heat the catalyst to the temperature required for substrate activation, allowing the
medium to remain at a substantially lower temperature. A potential advantage,
shown schematically in Figure 2.1, is that rapid activation of the substrate occurs
at the hot surface of the catalysts, which also imparts kinetic energy that rapidly
ejects the product from the hot surface into the cooler medium, thereby imped-
ing further reaction [9, 13, 14]. In addition, it has also been reported that if this
set of conditions is optimized (i.e., very hot catalyst and cool surroundings), then
product selectivity can favor the kinetic product over the thermodynamic one.
This latter observation is especially true with a gas—solid reaction [15, 16]. The
selective heating process can be complex, however, depending on the actual sys-
tem. Figure 2.1 shows possible heat transfer pathways in a microwave-driven het-
erogeneously catalyzed system. The microwaves heat the catalyst through direct
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Reactant Product

7= pnd

Figure 2.1 Energy transfer processes in the heating of a heterogeneous catalyst by
microwave radiation.

absorption of the radiation, the magnitude of which is dictated by the radiation
intensity (/) and the absorption cross-section of the catalyst material (a.,,). If the
reaction takes place in a liquid medium, the solution can also heat through direct
absorption of radiation, which will also be dependent on the absorption cross-
section (a,,.q) and the intensity of the radiation. In addition, the solution will
also be heated indirectly by convective heat transport from the solid catalyst to
the medium (/). Clearly, in a highly absorbing medium, there may be little tem-
perature difference between the catalyst and the solution (7™ & Tt), As such,
if temperature is the only relevant factor in driving the reaction, then for highly
absorbing solvent systems, there may be little difference between convective and
microwave heating. In a gas—solid reaction, however, the opposite is true, and
T< > T™ed a5 there can be no heating of the gaseous medium (a,,,q =0), and
convective heat flow from the catalyst to the surroundings (4,) will be signifi-
cantly less than in a condensed phase reaction. This means the gas—solid reac-
tions will exhibit a high degree of selective heating under microwave irradiation
and are more likely to provide an energy savings when compared to convective
heating.

It is important to note, however, that while selective heating of the solid
catalyst is a well-established, advantageous microwave effect in heterogeneous
reactions, other in-depth studies, including recent ones from our laboratory,
have demonstrated that other microwave-specific processes can dramatically
and propitiously alter catalytic activity. In considering other microwave-specific
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effects, it is important to understand the fundamental physical processes by
which microwaves interact with various catalyst materials.

2.2
Heterogeneous Catalyst Systems

There are a number of different classes of heterogeneous catalyst materials, each
of which will have different microwave absorption processes. We mention three
significant ones here, noting, however, that this breakdown is far from exhaustive
[17-19]:

1) Solid oxide catalysts: This includes any bulk oxide used to catalyze a reaction
at its surface. Typical examples are the simple binary oxides such as SiO,,
Al,O,, TiO,, and ZrO,, and ternary oxides such as spinels and perovskites.
Porous silicate and alumino silicate materials such as zeolites and templated
mesoporous sieves also fall into this category.

2) Metals: Metal surfaces, particularly late metals such as Ni, Cu, and Ag, cat-
alyze many commercial processes.

3) Support catalysts: The supported catalyst is primarily the category defined by
an oxide support with an active site deposited on the surface that performs all
or part of the catalytic function. The active site can be an isolated transition
metal ion or complex or a metal particle.

All of these systems will exhibit different microwave absorption processes that
originate from different loss processes. As such, some will exhibit significant
microwave-specific rate enhancements. To understand this, it is necessary to
understand what those loss processes are and how they affect chemical reactions
on the surface of the catalyst.

23
Physics of Microwave Absorption

The frequency range for the microwave region is typically designated as occurring
from 0.3 to 300 GHz (1 mm-1m) [20-22]. Within this very broad frequency
range, microwave power devices are required to operate within one of the
industrial, scientific, or medical (ISM) radio bands to prevent interference with
broadcast and communications bands. Microwave ovens utilize a frequency in the
S-band of 2.45 GHz (~122 mm). Because of these constraints, any heterogeneous
catalyst that we expect to heat using microwaves must have an absorption at
2.45 GHz. Therefore, unlike conventional photochemistry, where the frequency
of the applied radiation is matched to the absorption bands of the materials,
in microwave-driven processes, the material absorption must match the set
frequency of microwave heating devices. Importantly, such limitation would not
apply to an appropriately shielded device for specialized applications.
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At the frequencies used in heating, the absorption of radiation results in a relax-
ation process in the material, not a resonance process. It is the dynamics of these
relaxation processes, which are characterized by the functional form of the relax-
ation time as measured by dielectric spectroscopy that helps define the type of
relaxation process occurring in the materials. For a lucid and comprehensive dis-
cussion of the dynamics of dielectric relaxation, the reader is referred to a recent
review by Richert [23]. What is important to note is that the result of these relax-
ation processes leads to the generation of heat, with the energy of the photons
being insufficient to create an excited state through resonant absorption that can
result in a chemical transformation (i.e., bond-making and bond-breaking pro-
cesses).

Electromagnetic field-induced relaxation is an energy loss process that involves
complex interactions of both the E and H fields with the magnetic and dielec-
tric parameters of the material. The amount of heat transferred will depend on
the magnitude of the loss, and the final temperature attained will depend on the
heat and the thermal properties of the material (i.e., heat capacity and thermal
conductivity) [20].

Dielectric loss processes are those associated with interactions of the electric
field (E) of the microwave radiation with the material. The propagation of elec-
tromagnetic radiation through the material and the associated loss processes are
treated using the complex valued form of the permittivity (i.e., dielectric constant),
which is given in Eq. (2.1). In Eq. (2.1), the dielectric permittivity, ¢, is frequency
dependent and is a function of the real (¢/) and imaginary (¢') permittivity. The
real part of the permittivity, ¢, is the storage component (which approaches the
static dielectric constant in the limit of low frequencies) and the imaginary part,
€”, is the dielectric loss. With conducting solids, loss processes due to conduction
also occur. Equation (2.2) reflects this loss mechanism where o is the conductivity
and ¢, is the free space permittivity:

e(w) = €' (w) — ie” (w) (2.1)

(@) = €' (@) — i <e” (@) + i) (2.2)
e,
A useful measure of the magnitude of the loss process, which dictates the amount
of heating that will take place, is given by the loss tangent (Eq. (2.3)), which is the
ratio of the imaginary-to-real permittivity:

1

tan(s;) = ‘Z—/ (2.3)

Loss processes that lead to heating of solid materials can also occur through inter-
actions with the magnetic field. Such loss processes are described in terms of the
real and imaginary permeability (4), in a manner analogous to the dielectric loss
(Eq. (2.4)), with the magnitude of the loss being given by a magnetic loss tangent
Eq. (2.5):

u(w) =y (w) — 4" (w) (2.4)
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M//
tan(6,) = 7 (2.5)
In general, permittivity loss is more often treated than permeability loss as it is the
dominant loss process in microwave heating of many materials.

Insertion of the complex permittivity and permeability into the Maxwell
equations yields solutions of the form given in Egs. (2.6) and (2.7). The negative
exponential term is the damping factor, which attenuates the electromagnetic
field as it penetrates a material. The attenuation factor, a, is a function of the real
and imaginary permittivity (Eq. (2.6)) and permeability (Eq. (2.7)). If the medium
is a loss at a certain frequency, then the value of ¢’ and y’" will be large and the
propagation of the electromagnetic wave will be strongly attenuated.

E = |E|e—a(s)zei(wt—ﬂz) (26)
H = |H|e *Wzgi@i=h2) (2.7)

For materials with dielectric loss only (i.e., y#’' =0), the attenuation factor is given
by Eq. (2.8) [22, 24].

"e'e 1 N\ 2 1/2
a=a)<%> <1+<z—0> ) -1 (2.8)
1
D, = o (2.9)

A useful concept in describing microwave heating is the penetration’s depth,
which is the depth in the materials at which the field strength drops to 1/e of
its initial value (Eq. (2.9)). When the materials exhibit both dielectric and mag-
netic loss processes, the total attenuation factor, a, will be a function of ¢ and
u” [25].

Obviously, for a solid material to be a viable microwave catalyst, significant loss
processes must exist at 2.45 GHz for selective heating to occur. For solids that are
known to catalyze a particular reaction, the act of selectively heating the solid
catalyst may well result in an enhanced reaction rate. A significant issue in the
field of microwave catalysis (and in microwave chemistry in general) is whether
other rate enhancement processes are also present.

24
Microwave Loss Processes in Solids

2.4.1
Dielectric Loss

Heating through dielectric loss is by far the most discussed process in chemical
applications of microwave heating. In liquid phase molecular reaction systems,
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microwave heating occurs primarily through dielectric loss due to electric field-
induced orientation and relaxation processes of the molecular dipole as described
by Debye [26]. For solid materials, the mechanisms of dielectric loss differ but
involve a specific interaction between the solid and the oscillating electric field of
the microwave radiation.

There are a number of loss mechanisms that lead to heating through inte-
raction of the E field of the applied microwave radiation with the material. In
practice, dielectric loss processes are characterized by their dielectric relaxation
dynamics. As described by Jonscher, based on their dielectric responses, loss pro-
cesses in solids can be divided into two generic processes: “dipolar” and “charge
carrier” [27]. Dipolar processes leave no residual polarization upon relaxation
while charge-migration processes leave a finite polarizing charge in the system
after relaxation. From the standpoint of catalysis, it is important to consider what
particular loss processes are operational at the frequencies at which microwave
heating is carried out and, further, whether the specific, molecular scale
mechanism associated with the possible loss processes can affect the reaction
process.

24.2
Charge Carrier Processes

24.2.1 Conduction Loss

In the low-frequency regime when microwave heating takes place, losses can
occur due to electrical conduction. In fact, there is a general correlation between
the measured conductivity and the heating rate under microwave absorption
at 2.45 GHz over a very broad range of materials [28, 29]. A caveat, however, is
that for some of the listed materials, other loss processes, including permeability
losses, will also be operative and may be the dominant factor in microwave heat-
ing. The conductive contribution to loss is given in Eq. (2.2), where the complex
part of the dielectric constant contains the ratio between the conductivity (¢) and
the frequency (®) of the radiation.

The mechanism by which heating occurs is a manifestation of Joule heating
when electrical conduction in the materials is induced by the oscillating field.
Specifically, when the electromagnetic wave couples with the mobile charges
(electrons) within the material, the charges oscillate with the applied field
creating an alternating current. The energy loss is due to the inherent resistance
of the materials and will be described by Eq. (2.10), where the differential rep-
resents the energy (U/) loss rate, and R and i are the resistance and current, res-
pectively:

Z—Lt[ =Ri (2.10)
A notable exception to the correlation between microwave heating and conduc-
tivity among various materials is that of pure metals, which, despite their high
conductivity, show only modest microwave-induced heating. The origin of this
phenomenon arises from the fact that the induced electric current in very good
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conductors generates a magnetic field that is much stronger than the electric field
and lags in phases by almost 45°. The generation of the strong magnetic field
and the current it induces causes an exponential damping of the applied elec-
tromagnetic field as it enters the materials. In a strong conductor, the penetra-
tion depth is referred to as the skin depth in metals and is given by Eq. (2.11),
where ¢ is the speed of light and the other symbols have the meanings defined
previously:

Sn —S (2.11)

V27 g ' 0o

Given that metal surfaces are important catalysts in a number of processes,
the skin effect suggests that microwave-driven reactions on metal surfaces are
unlikely [19]. In fact, however, metal powders can heat efficiently depending on
the metal. This is due to several factors. One is that the skin depth for many
important catalytic metals (such as Pt, Pd, and Fe) is in the order of ~3 um
so that powders and small particles will readily heat [30]. In addition, recent
studies have found that in highly conductive metal, the loss processes responsible
for heating are due to permeability losses owing to the magnetic field of the
radiation [31, 32].

2.4.2.2 Space-Charge Recombination

From the standpoint of catalysis, one of the most important dielectric loss
mechanisms is space—charge recombination, in which the electric field coerces
the movement of charge (electrons or ions), giving a charge-separated state
that recombines (Figure 2.2). Charge recombination (relaxation) is inhibited by
resistance and other barriers so that recombination of the charges is out of phase
with the applied radiation, giving rise to energy loss and consequent heating. The
process is shown schematically for charges distributed across a surface where the
relaxation time, 7, affects the magnitude of the loss tangent.
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Figure 2.2 Space-charge (Maxwell-Wagner) recombination dielectric loss process in a
solid.
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This basic description comprises a number of processes that may occur depend-
ing on the material. Interfacial or Maxwell—Wagner polarization is the buildup of
charges at the interface of heterogeneous dielectrics where a conducting particle
is placed in a nonconducting medium. In this process, charges in the conductor,
driven by the alternating electric field, become trapped in surface sites and defects
and, as described earlier, their recombination leads to heating. Loss processes due
to interfacial polarization contribute to the heating of, for example, carbon mate-
rials and high permittivity metal oxides [33, 34].

2.4.2.3 DipolarLoss

Dipolar loss processes in solids occur through interactions of the radiation groups
possessing a dipole moment. The archetypal description of this type of loss pro-
cess, in which radiation couples with an assembly of noninteracting dipoles, was
given by Debye [26], who theorized that dipolar molecules in a condensed medium
experience coercive rotational orientation of the dipole in the direction of the elec-
tric field. The loss process occurs due to “frictional” interactions with the medium
so that the rotational motion will be out of phase with the oscillations of the radi-
ation.

In solids, the dipole moments that couple with the radiation exist as localized
sites within or on the surface of the solid that can originate from a number of
sources depending on the materials. In a bulk solid, vacancy, interstitial, or point
defect sites within the crystal lattice can create a localized internal dipole that
can couple with the radiation [35]. Insulating solid oxide materials such as alu-
mina, silica, and other metal oxides, which are often used as catalyst supports, are
poor microwave absorbers unless they have a significant amount of defect sites or
impurities.

More significantly, at least for catalytic consideration, are dipolar surface
sites. The surface of a solid material will necessarily have surface sites composed
of dangling atoms or groups. For a metal oxide, for example, this can be terminal
oxide, a hydroxide group, or a surface vacancy where oxygen was removed.
These sites will selectively couple with the radiation, giving rise to dipolar
loss processes, which will result in localized heating. This is important as this
type of selective heating process can create hot spots on the surface, localized
around a specific group (e.g., dangling oxygen), as shown schematically in
Figure 2.3.

This can potentially affect catalysis in two ways. The presence of hot spots
formed from these types of interactions can appear to affect the reaction rate
simply because the average temperature of the surface is greater than its measured
value. In fact, hot spot formation from this and other sources (i.e., arcing) has
been demonstrated for several reaction systems [16, 36, 37]. Other ramifications
of this loss process for heterogeneous catalysis occur if the surface groups are
reactive and contribute to the mechanism of the reaction. Selective acceleration
of a primary reaction step, such as an oxygen transfer process (Figure 2.4) to
yield as oxidized substrate, can potentially result in significant rate enhancement.
This could be viewed as microwave enhancement of the Mars van Krevelen
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o)
.

Figure 2.3 Surface sites that can couple to the incident microwave radiation and result in
localized heating.

(@) (b)

Figure 2.4 Dipolar loss processes that can result in microwave-specific chemical reactiv-
ity at the surface through (a) accelerated atom transfer to a substrate (enhanced Mars van
Krevelen mechanism) and (b) selective coupling to an adsorbed substrate.

mechanism, which would represent a particular type of microwave-specific effect
on a catalytic process [17].

A selective dipolar heating process also occurs for molecules adsorbed
at the surface. Any molecule, even nonpolar ones, will have a dipole moment
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when adsorbed on the surface since they must necessarily lose their center of sym-
metry. The selective heating of these adsorbed sites can change the adsorption—
desorption process but more importantly can also accelerate chemical reactions
by orders of magnitude [38—40].

243
Magnetic Loss Processes

In magnetic materials, loss processes can occur through interactions of the mag-
netic moment of the materials with the magnetic field component of the radi-
ation. Such loss processes generate heat with the magnitude of the loss being
measured by the real (u’) and imaginary (4”') component of the permeability and
the associated loss tangent (Egs. (2.4) and (2.5)). There are a number of mech-
anisms associated with magnetic loss processes that ultimately depend on the
magnetization of the materials. In general, no heating occurs for diluted para-
magnetic ions; the loss process occurs through interactions of the H field with
the magnetic moment and is the largest for material with aligned spins (i.e., ferro-
magnets). These processes were tabulated by Newnham ez al. [28] from the classic
text by Chikazumi and Charap [41]. Among the various processes listed are Eddy
currents, where induction currents are established in a conducting material by
the oscillating magnetic field, which causes resistive heating of the solid. Many of
the loss processes involve a radiation field with a magnetic domain, including hys-
teresis loss from the irreversible displacement of domain walls and domain wall
oscillations.

From the standpoint of heterogeneous catalysis, these magnetic loss processes
can be very efficient at selectively heating the substrate. It is not clear, how-
ever, whether magnetic loss processes, in and of themselves, will contribute
to microwave-specific rate enhancement. Interestingly, one of the properties
of microwave instrumentation is that, by the use of specific waveguides, it is
possible to separate spatially the electric and magnetic field components of the
standing wave of the radiation. Because of this, it is possible to irradiate materials
with fields that are predominately electric (E) or magnetic (H). The application
of distinct fields (E or H) of the microwave radiation was developed for material
applications such as sintering by Roy and Agrawal [31, 42-44]. Their studies
provide a comparison of the heating properties of various materials that allows
the primary mechanism for heating to be discerned. For example, rapid H field
heating occurs with metal particles such as iron and cobalt powders while oxides
such as alumina and zinc heat primarily dramatically with the E field. This is
consistent with the dominance of magnetic losses such as Eddy current heating
in the metals and conduction and dipolar dialectic loss processes dominating in
the oxides. In terms of catalysis, the effect of E and H fields on the Pd-catalyzed
Suzuki—Miyaura coupling reaction for the synthesis of 4-methylbipyridine was
investigated by Horikoshi. It was found that the yield dramatically increased
when H field irradiation was used. This was attributed to the avoidance of hot
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spots, which are prevalent under E-field irradiation and, in this reaction, lead to
degradation of the product [45].

25
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A well-defined example of how a loss mechanism, specifically interfacial dipolar
loss processes, can affect a chemical reaction comes from our investigations of
gas—carbon reactions [46, 47]. These reactions were selected because carbon is
an extremely good microwave absorber and, since they are gas—solid reactions,
the only microwave loss processes will be at the carbon. The reactions are ones
that comprise the carbon gasification processes related to the generation of syn-
thesis gas (CO + H,) from carbon sources such as coal or biomass. The principle
reactions, all of which are in equilibria, are listed in Egs. (2.12)—(2.15):

Steam-—carbon C+HO0 == CO+H, AH = +131 kJ mol™ (2.12)
Boudouard C+CO, === 2CO AH =+172kJ mol™ (5 13)
Water—gas shift ~ CO+H,0 =g=== CO,+2H, AH =-41kJmol™ (2.14)
Methanation C+2H, === CH, AH = =75 kJ mol™ (2.15)

The primary reaction for energy production is the steam-—carbon reaction
(Eq. (2.12)), which produces synthesis gas (CO and H,). In conjunction with
the water—gas shift reaction (Eq. (2.14)), the steam—carbon reaction is used to
produce hydrogen, or, alternatively, the CO and H, can produce hydrocarbons via
the Fischer—Tropsch process. The Boudouard reaction, named after its discov-
erer, is the reaction of CO, with carbon to produce CO. Both the steam—carbon
(Eq. (2.12)) and the Boudouard reactions (Eq. (2.13)) are highly endothermic with
positive entropies, so very high temperatures are required to drive the reaction to
the right.

For the Boudouard reaction (Eq. (2.13)), comparative kinetic studies of thermal
and microwave-driven reactions were carried out as a function of temperature
where it was found that the apparent activation energy under microwave condi-
tions decreased dramatically to 38.5k] mol~! compared to 118.4k] mol~! under
convective heating [47]. If the microwave were simply heating the carbon to the
reaction temperature and exerting no other effect on the reaction process, we
would not expect to see any difference in the activation energy. This suggests
the existence of a microwave-specific effect for the forward rate of the reaction.
Because all of the other reactions that make up the steam—carbon system (Egs.
(2.12)—(2.15)) are equilibria, changes in the position of the equilibria will neces-
sarily mean a change in the thermodynamics of the process.
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Table 2.1 Thermodynamic parameters for thermal and microwave gas-carbon reactions.

Reaction Thermal® Microwave

AH (kJmol~") AS (Jmol~") AH (kJmol~") AS (Jmol~")
Steam—carbon 144.2 158.1 15.2 29.5
Boudouard 180.2 191.2 27.0 43.1
Water —gas shift -36.0 -58.1 -11.4 -14.1
Carbon—hydrogen -79.7 -90.4 -9.1 -32.2

a) AH and AS are intermediate values between the two temperature extremes of the experiment:
764 and 1265K as calculated from thermodynamic table.

The equilibrium constants, as a function of temperature, for all of the steam—
carbon reactions, were measured under microwave irradiation. From these
equilibrium constants, the free energy (AG) was calculated at each tempera-
ture using the standard relationship (AG=—RTIn(K})). The free energy for
the thermal reaction, over the same range of temperatures, was calculated
from the thermodynamic tables. What was observed was that, comparatively,
there was a dramatic shift of the equilibrium to the right for the endothermic
reactions (Egs. (2.12) and (2.13)) and to the left for the exothermic reactions
(Egs. (2.14) and (2.15)) under microwave conditions. From the equilibrium
constants as a function of temperature, the enthalpy and entropy of each
reaction under microwave conditions was determined (Table 2.1). For the
steam—carbon reaction, the enthalpy (AH) was found to be 15.2 k] mol~! com-
pared to 144.2 k] mol~! under thermal conditions. Similarly, AH of the Boudouard
reaction was found to be 27.0k] mol~! under microwave heating compared to
180.2 k] mol~! under conventional thermal heating. We also observed a similar
reduction in the entropy (Boudouard: AS=191.2] mol™! thermal and 43.1 MW;
steam—carbon: AS=158.1Jmol™! thermal and 29.5 MW). The thermodynamic
parameters found for all the reactions in the steam—carbon system are given in
Table 2.1.

2.5.1
Thermochemical Considerations

Obviously, since thermodynamic functions are state functions, if the microwave
were merely heating the carbon, then there should be no change in AH or AS; in
other words, it would not matter which path is used to heat the carbon, as only
its final temperature is important. As such, the observed microwave effect on the
thermodynamic properties of the reaction must be due to changes in the relative
thermochemical kinetics of the forward and reverse reactions, which define the
position of equilibrium and which are related to the equilibrium constant based
on Egs. (2.6)—(2.8) [48]:
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-G} ~(H} -TAS)
-AG ky a, e ae” ®
Ky=ewm =L =15 = — (2.16)
-G*, —(H* | ~TAS* )
-1 a_le RT a_le RT
AH® = (H; —H*)) (2.17)
AS* = (S;-5") (2.18)

Since the gas phase species do not absorb microwaves, these thermodynamic
changes must necessarily arise from changes in the primary reactivity of the car-
bon surface, or the reactivity of species adsorbed on the surface, through dipolar
loss processes.

One of the possible origins of a microwave effect that changes the relative rates
of the forward and reverse reactions is through the formation of hot spots on the
surface. Hot spot formation is common in microwave-driven reactions and is fre-
quently invoked to explain microwave effects in catalysis. In a classic study by
Mingos on the endothermic dehydrogenation of H,S on a supported Pt catalyst,
a similar shift in equilibrium to right was observed [49, 50]. In the case of the
gas—carbon reactions, a careful consideration of the thermodynamics allows us
to rule out hot spots as a likely mechanism. In particular, the standard expression
for the enthalpy of the conventional thermal reaction in terms of the enthalpies
of formation of the reactants and products is given in Eq. (2.9), where AHY. is the
standard enthalpy of formation corrected for a specific reaction temperature, T,
and 7 is the stoichiometric factor for each product and reactant. What is impor-
tant to note is that the only species in the gas—carbon reactions that absorbs
microwaves is carbon, and it appears only as a reactant in Egs. (2.12), (2.13), and
(2.15). We note here that the water—gas shift reaction (Eq. (2.14)) is not an inde-
pendent reaction but can be written as a function of the steam—carbon and the
Boudouard reaction; as such, carbon does not appear explicitly in the equation.
In Eq. (2.20), the contribution to the standard enthalpy of the reaction due to

microwave loss processes is shown explicitly as an effective enthalpy (AH ;.. owave):

A]—Ithermal = Z n; (AH;)

product
0 0
- Z n; (AHT) + (AHT)Carbon (219)
i other reactants reactants
— 0
AI—Imicrowave - Z n; (AHT)
i product
0 0
- Z n; (AHT) + (AHT)carbon + (AHmicrowave)carbon
¢ other reactants reactants

(2.20)
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As can be seen in Table 2.1, the enthalpy of the reaction shifts relative to the
thermal reaction exothermically for Egs. (2.12) and (2.13) and endothermically for
Eq. (2.15). This means that the effective enthalpy due to the loss process is positive
for some reactions and negative for others (Eqgs. (2.12) and (2.13)). However, if
the microwave effect is due to hot spot formation, then it means that the actual
temperature of the surface is higher than what is measured. This would necessarily
mean that the enthalpy of the carbon would increase, and, since it only appears as
a reactant, all of the reaction would have to show an endothermic shift. This was
not observed.

We hypothesize that there are two dielectric loss mechanisms that can alter
the equilibrium position by changing the forward and reverse reaction rates. The
changes would be dependent on the specific mechanisms of the reaction and,
as such, result in some reactions undergoing an endothermic shift and others
an exothermic shift. As discussed earlier, one of the primary dielectric loss pro-
cesses is a space—charge mechanism (Maxwell—Wagner) where electron—hole
pairs are generated and can be trapped at defect sites at the surface [51-53]. The
electron—hole pairs are reactive and can potentially accelerate the oxidation of
the surface by a substrate (CO, and H,O for the Boudouard and steam—carbon
reactions) (Figure 2.5a). The strength of this mechanism is that it is consistent
with the known physics of microwave heating of carbon. It also would accelerate
the oxidation of the surface, thereby shifting the equilibrium to the right, as was
observed.

The second place where microwave radiation can accelerate the forward reac-
tion is by selectively heating the surface oxides that form from the initial oxida-
tion event (Figure 2.5b). This is known to be the rate-determining step for the
steam—carbon and Boudouard reactions, and, if they were accelerated by selective
coupling of the microwave radiation, it is likely they would accelerate the forward
reaction.

Steam—Carbon/(Boudouard)

H,0 (CO,) H, (CO) % co
o) /
N

O
©0000 OOCOOOOOOOOOCOOO

() (b)

Figure 2.5 Proposed mechanisms for substrate and (b) the dipoles of the surface
microwave enhancement of gas—carbon oxides couple to the microwave and are
reactions: (a) microwave-induced space rapidly ejected from the surface.

charges (electron—hole pairs) react with a
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2.6
Final Comments on Microwave-Specific Effects in Heterogeneous Catalysis

In both homogeneous solution reactions and in reactions that are heterogeneously
catalyzed, the hypothesis of microwave-specific effects is that the reaction rates
under microwave irradiation can differ significantly from what is obtained through
conventional convective heating. This has been a topic of great controversy in the
organic chemistry community, where there is much prevailing opinion that inci-
dent microwave radiation can only heat the solution, and, while that can happen
very rapidly, in the end there are no other additional effects possible due to the
radiation [54]. Although several recent publications have begun to show this to be
a failed hypothesis, the presence of microwave-specific effects in homogeneous
reactions is frequently difficult to discern [55-58]. In heterogeneously catalyzed
reactions, the concept of microwave effects is much less controversial since the
ability of a microwave to selectively heat the catalyst is not disputed. The presence
of other microwave-specific effects at the catalyst surface may not necessarily be
oblivious but is also less controversial, based on some of the loss mechanisms out-
lined here.

Much discussion of microwave-specific rate enhancement has involved the con-
cept of thermal versus nonthermal processes. As the name implies, thermal pro-
cesses proceed through the heat generated by the microwave while nonthermal
processes proceed through other interactions of the radiation that propel the reac-
tion by means of processes that are not inherently thermal. Although there is little
rationale for it in the synthetic organic community, microwave-specific effects
have become synonymous with nonthermal effects [54].

In heterogeneous catalysis, the distinction between thermal and nonthermal
processes is also made, though, quite correctly, it is not often used to discredit
claims of a microwave effect. In our view, when discussing microwave effects in
heterogeneous catalysis, the distinction between thermal and nonthermal effects
is of dubious merit. As outlined in this discussion, there are a large number of dif-
ferentloss processes, occurring through different mechanisms, which resultin the
deposition of heat in the catalyst. Microwave effects can arise from some of these
processes based on the specifics of these mechanisms and how they affect reaction
steps at the surface. In some cases, the generation of heat may be almost inciden-
tal to the mechanism of microwave enhancement. It is also the case that there are
nonresonant, nonrelaxation processes that can affect a reaction. In this regard, we
point to the study by Horikoshi of the effects of microwave on the photo-assisted
reaction of TiO, [59].
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3
Transport Phenomena and Thermal Property under
Microwave Irradiation

Yusuke Asakuma

3.1
Introduction

Over the last two decades, microwave (MW) technology has been explored exten-
sively in materials science and chemistry. Earlier studies have suggested that the
enhanced rates of aqueous reaction were caused by the nonthermal effects of
microwave [1-3]. Consequently, there are a number of experimental results in
different aqueous reactions [4, 5]. Special effect caused by microwave irradia-
tion such as higher yields and selective reactions have been extensively reported
[6—8]. On the other hand, nonthermal effects of microwave irradiation on water
are not well understood in spite of reported effects on aqueous reactions. On
the contrary, special microwave effect has been reported as thermal effect [9]. In
order to understand nonthermal effect of microwave, transport phenomena and
thermal property under the irradiation are essential. However, microwave leakage
to the outside of the reactor must be cared for in situ observation. Accordingly,
it is necessary to establish noncontact observation tool from the outside of the
reactor.

Microwave irradiation is well known for high efficient heating of liquids such
as water and alcohol (ethylene glycol), which has higher dielectric constant and
loss factors. This chapter focuses on interesting behavior obtained through in
situ observation in microwave reactor. In particular, characteristics caused by
nanobubbles under microwave irradiation are interesting for materials devel-
opment and process engineering. This chapter introduces experimental investi-
gations on bubble size, the convection behavior, and the surface tension profile
for water and ethylene glycol through various in situ observation tools. Finally,
we hope to clarify nonthermal effect and to gain new insights into enhanced
microwave effects on aqueous processes.
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Edited by Satoshi Horikoshi and Nick Serpone.
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3.2
Bubble Formation

Microwave acceleration has been incorporated into the synthesis of ceramic
powders, polymers, and composites in the field of hydrothermal synthesis, as
well as emulsion polymerization for fine particles with a monodisperse size dis-
tribution [10, 11]. Recently, microwave technology has been applied to industrial
processes for material characterization to save energy and time. However, the
mechanism of monodisperse fine particle formation under microwave irradiation
remains unclear. However, it is difficult for commercial nanoparticle measuring
apparatuses to adjust the light source power and the angle between the light axis
and detector probe. Accordingly, handmade observation tools for nanoparticle
measurement were installed within the reactor.

The movement of particles smaller than a few micrometers is governed by Brow-
nian motion, which causes flow around the particles. The force acting upon Brow-
nian particles is measured using a technique called dynamic light scattering (DLS)
[12], which provides the diffusion coefficient and particle size. By introducing an
in situ observation technique for nanoparticles or bubbles in a microwave reactor,
particle movement and bubble formation in liquid are clarified during and after
microwave irradiation.

Figure 3.1 shows an overview of the microwave reactor (Micro Denshi Co.,
Ltd, model). A suspension of monodisperse polystyrene latex (PSL; 100 nm, Duke
Scientific Corp.) particles is used as the standard. The PSL particle suspension
is added to water or ethylene glycol, and the low-density suspension is poured
into an optical quartz cell (10 mm X 10 mm X 40 mm; 4 ml). The cell is set on a
sample holder made of polyether ether ketone (PEEK) resin in the center of the
waveguide tube in a microwave reactor. The position and angle of the holder

Optical fiber

Photomultiplier

Quarts cell

Figure 3.1 Microwave reactor with DLS.
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Figure 3.2 Time-averaged autocorrelation function (a) with PSL before irradiation, (b) with
PSL during irradiation, and (c) without PSL during irradiation.

are adjusted against the pathway of a He—Ne laser and scattered light detector.
When the laser irradiates a sample containing nanoparticles or nanobubbles,
light is scattered as shown in Figure 3.1, and the number of scattered photons is
counted by a photomultiplier (Hamamatsu Photonics Co., Ltd, model). The time-
averaged autocorrelation function of photon, which is shown in Figure 3.2, leads
to diffusion coefficient and size for nanoparticle or nanobubble. A fluorescent
temperature probe (Anritsu Meter Co., Ltd, FL-2000; Optical fiber: FS100-M)
measures the temperature throughout the experiment. Dynamic changes in par-
ticle or bubble size during or after microwave irradiation were measured every
10-15s.

Figure 3.2 shows examples of the time-averaged autocorrelation function (a)
with PSL before irradiation, (b) with PSL during irradiation, and (c) without PSL
during irradiation in the case of water. The autocorrelation function for the PSL
suspension was clear for particle size estimation even under microwave irradi-
ation. For example, the correlation coefficients of the least-squares method for
plots and lines in Figure 3.2a, b were almost 1 and about 0.9, respectively. The
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coefficient became a little worse under irradiation, indicating that the size dis-
tribution during irradiation slightly widened, despite the size distribution before
irradiation being monodisperse. On the other hand, bubble formation around
particles can be considered as a reason for size changes obtained from different
correlation functions before, during, and after microwave irradiation. If the dis-
persion medium does not include nanoparticles, scattering light from nanobub-
bles is detected during the irradiation as shown in Figure 3.2c. The autocorrelation
function of pure water during microwave irradiation did not show good expo-
nential correlation, indicating that precise size measurement is difficult because
of wide size distribution or large size. Accordingly, heterogeneous nucleation of
bubbles occurred on the quartz wall in the case of no particles in the water. In
measurement under microwave heating, nanoparticles played an important role
in more stable nucleation of bubble formation around the particles because the
sharper size distribution was maintained by the addition of fine particles. On the
other hand, since scattering light of bubbles was observed under microwave irra-
diation in the case of no particles, it has found that nanobubbles in pure water
were formed by microwave irradiation.

Figure 3.3 shows size and temperature profiles in water and ethylene glycol (EG)
during and after microwave irradiation for irradiation time until 90 °C. Closed and
open symbols indicate sizes during and after microwave irradiation, respectively,
and lines indicate the temperature profile. The bubble size in water increased
during microwave irradiation. Temperature increased with irradiation time and
dropped gradually after irradiation. Accordingly, the bubble size was a maximum
around the time the microwave was turned off. When the size slowly returned
to the initial size, the microwave irradiation effect indirectly continued for some-
time as nanobubble formed by water molecule rotation even at temperature below
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Figure 3.3 Size and temperature profiles for water and ethylene glycol during and after
microwave irradiation.
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Figure 3.4 Maximum size and irradiation time versus irradiation power during and after
microwave irradiation (90 °C).

boiling point. However, in the case of ethylene glycol, bubble size did not become
larger so much even at high temperature. The maximum sizes of water and ethy-
lene glycol are plotted against irradiation power in Figure 3.4. Longer irradiation
time is more effective for attaining maximum bubble size in water because it takes
much time for lower power to reach designated temperature. However, in the case
of ethylene glycol, maximum bubble sizes caused by irradiation are not so large
although the irradiation time is longer than that of water.

Usually, nanobubble has higher energy because the pressure and temperature
are too high theoretically. Moreover, free radicals, which are important for chem-
ical reaction, are generated after the collapse due to the self-pressurizing effect
of nanobubbles (bubble contraction) [13]. However, bubble size profiles in water
and ethylene glycol could not be explained by irradiation time only. Accordingly,
the vapor-liquid phase equilibrium for vaporization and the capability for radi-
cal production must be cared when considering nonthermal effect of microwave
irradiation.

33
Convection

The convection behavior is important in chemical process because it affects heat
and mass transfer too much. Usually, the natural convection and Marangoni sur-
face flow are caused by temperature gradient. Moreover, the convection caused
by electric and magnetic distributions is interesting and must be predicted for
microwave application in aqueous system.

The convection within the pendant droplet, during and after microwave, was
monitored with Particle Imaging Velocimetry (PIV) as shown in Figure 3.5. PIV
apparatus consists of camera (Sigma Koki Co., Ltd, Model SK-TC202USB-AT) and
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Microwave reactor > Water droplet

Camera

Figure 3.5 Microwave reactor with PIV system.

Figure 3.6 Convection observation of
droplet by PIV system.

green laser (solid state laser 532 nm, 50 mW, Kato Koken Co., Ltd). Tracer particle
(40 pm, Nylon) was seeded to visualize flow. Droplet with tracer particles was set
through Teflon pipe with inside diameter of 1 mm. Laser is introduced to the cen-
tral axis of the droplet and movie is captured by camera, which is located at 90°
angle from the direction of laser line. For example, convection in water droplet is
observed under microwave irradiation as shown in Figure 3.6. Angular velocity of
circular flow for water and ethylene glycol droplet is measured when irradiation
time is 30s.

Figure 3.7 shows the angular velocity of circular flow inside water during
microwave irradiation. For first 5s, the convection is unstable. After that, the
circulation flow becomes more stable gradually. Angular velocity is plotted for
the different power. The velocity of lower microwave power (150 W) is lower than
that of the higher power. However, the velocity might be saturated in the case of
higher power (300 and 600 W).

Although the velocity inside ethylene glycol droplet was measured during
microwave irradiation, the stable circulation flow was not observed consistently.
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Figure 3.8 Angular velocity of circular flow for ethylene glycol droplet.

In most cases, the convection did not develop perfectly. Hence, effective obser-
vation was obtained only ~10% of the time. Figure 3.8 shows an example of the
angular velocity. For first 20s, the convection was not observed. After that, the
circulation flow becomes more stable gradually. The circulation flow continued
for about 5 s immediately until microwave is turned off.

On the other hand, the stable circulation flow was observed by microwave
irradiation every time in the case of water droplet. The observed flow rate in
water droplet was higher than that of ethylene glycol and developed easily. The
velocity difference between water and ethylene glycol can be explained by their
penetration depths. The depth of ethylene glycol (3 mm) is almost of same size
with droplet, higher microwave absorption limited near the surface. However, the
depth of water (12 mm) is much wider than droplet diameter, and microwave is
strongly absorbed into the whole droplet. Accordingly, the convection behaviors
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for the velocity and the stabilization between water and ethylene glycol should be
attributed to different parameters for microwave absorption, such as dielectric
constant and penetration depth.

3.4
Surface Tension

Application of microwave irradiation for chemical processes, such as emulsifica-
tion and polymerization, has been reported in the literature [7, 8, 14]. Surface ten-
sion or interfacial tension is an important property for the industrial process. On
the other hand, surface tension is determined by molecular arrangement within
the interfacial zone, ~1 nm. We introduce influence of microwave on surface ten-
sion of water and ethylene glycol droplet [15, 16].

The pendant drop was formed at the tip of polytetrafluoroethylene (Teflon), with
inside diameter of 1 mm and a wall thickness of 0.5 mm. The tube was placed inside
the reactor, which is microwave-proof. After the droplet formation, an optic fiber
was inserted inside the droplet (Figure 3.9). Light source was used from one side
of the reactor. A digital camera (Sigma Koki Co., Ltd, Model SK-TC202USB-AT)
was employed from the opposite side to capture the shape of the droplet during
and after microwave irradiation.

Temperature inside the droplet both during and after microwave irradiation was
transferred to the computer through a digital controller (Anritsu meter Co., Ltd;
Model: FL-2000). Images of the droplet were recorded by a digital. The edge pro-
files of the droplet were analyzed by Axisymmetric Drop Shape Analysis (ADSA)
to calculate surface tension [17]. Examples of raw image and fitting results are
shown in Figure 3.10.

Figure 3.11a shows surface tension of water droplet as a function of time. Dur-
ing microwave irradiation, the temperature increased as expected. Generally, the

Temperature probe

Water droplet

Light source

Figure 3.9 Microwave reactor for surface tension measurement.
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Figure 3.10 Drop profile: (a) raw image and
(b) edge for surface tension measurement.
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Figure 3.11 Surface tension of water droplet as a function of time and temperature (solid

symbols: with MW; unfilled symbols: without MW) for 300 W, 120s. (a) Time and (b) temper-
ature.

temperature reached a plateau within about 20 s and remained at that temperature
until the microwave irradiation was turned off at 120s. At that time, the droplet
gradually returned to its original temperature. Once irradiation had ceased, the
surface tension gradually increased, but unlike the temperature, it did not return
to the original value.

Surface tension of water droplet was plotted against temperature as shown in
Figure 3.11b. The results indicated that the surface tension reduction is not due to
thermal effect solely. The data after microwave irradiation clearly demonstrated
the nonthermal effect on surface tension because these plots were below the ref-
erence values [18].

EG droplet was also investigated using the same procedure. The surface
tension of ethylene glycol (Figure 3.12) was reduced during microwave heating
as expected. However, the surface tension quickly recovered during the cooling
period. The surface tension plot was close to the reported data in the literature
[19]. Hence, it can be concluded that the surface tension reduction of ethylene
glycol was purely due to thermal effect of microwave. The sharp contrast between
Figures 3.11 and 3.12 highlighted that the “memory” effect is a unique property
of water.
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Figure 3.12 Surface tension of ethylene glycol droplet as a function of time and tempera-
ture (solid symbols: with MW; unfilled symbols: without MW) for 300 W, 120s. (a) time and
(b) temperature.

A recent study has indicated that water surface tension is determined by the
H-bond network between the interfacial water molecules. The H-bond network
at the interface depends on the dynamics of H-bond forming and breaking [20],
which is directly related to rotational motion of the water molecules by microwave
irradiation. Figure 3.11 shows that water retains the effects by microwave irradi-
ation. The mechanism for a reduction in surface tension might be caused by the
change of water molecule network. The change will continue as nanobubble or
cluster structure of water molecule because it is theoretically more stable. The
effects observed in this study are for small droplets with a diameter of only a few
millimeters, which is well below the limit of microwave penetration depth [14].

3.5
Discussion of Nonthermal Effect for Nanobubble Formation

Many researchers are thinking about nonthermal effect by microwave irradia-
tion for special behaviors such as fast reaction rate. According to the results of
nanobubble formation and surface tension reduction by microwave irradiation,
energy and free radical released by the collapse of nanobubbles or water cluster
[13] might be an origin of reason for special microwave effect. For example, when
metal nanoparticles are added in the solution as a heterogeneous catalyst, fine
bubbles are produced around the particle, which plays an important role in more
stable bubble nucleation. In particular, if catalyst particle has magnetic property,
more bubbles with higher energy are produced on the surface by the irradiation.
This behavior should be related with nonequilibrium local heating [21] or super-
heating [22]. Moreover, the mechanism for faster reaction with homogeneous
catalyst under the microwave irradiation will be explained by nanobubble forma-
tion in aqueous solution as well.
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During microwave heating, local temperature gradients and internal evapora-
tion can promote transport of mobile components (liquids and gases) and energy.
As compared with conventional heating, microwaves can generally provide
faster and selective heating. Moreover, energy stored as nanobubbles might have
many potential benefits for high yield and quality. Further nanoscale information
through in situ observation under microwave as shown in this chapter will cause
optimum process control and new process applications of microwave.
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4
Managing Microwave-Induced Hot Spots in Heterogeneous

Catalytic Systems
Satoshi Horikoshi and Nick Serpone

4.1
What Are Hot Spots?

The term “hot spot ” in the field of microwave chemistry and materials processing
refers to an inhomogeneous dissipation of microwave energy through selective
heating of different parts of a material that causes the generation of tempera-
ture gradients within various domains of the material or sample [1]. Where high-
temperature microdomains (so-called hot spots) are formed when the material
is microwave-irradiated, they must undergo fast heat transfer processes for the
material to come into thermal equilibrium. However, where conditions are such
that the rate of heat transfer is slow, formation of steady-state hot spots occurs
that, in principle, can enhance the rate of a chemical process occurring within or
near those hot spots; however, formation of hot spots can also prove deleterious
to the chemical process.

4.2
Microwaves in Heterogeneous Catalysis

Acceleration of a large number of organic syntheses is no longer in doubt when
these are carried out under microwave radiation, which provides the thermal
energy necessary to drive the reactions. In this regard, different types of examples
of reactions have been summarized in a technical book edited by de la Hoz and
Loupy [2]. The possibility of scale-up of some reactions has also been examined
[3]. However, such processes must also be examined in more detail using different
approaches. One such process might be the microwave-assisted organic synthesis
of a product using a solid catalyst that is also of interest and meaningful to Green
Chemistry [4].

When microwave selective heating is desired, it is possible to carry out organic
syntheses using some of the features of the microwave radiation. For example,
when microwave nonabsorbing substrates, such as a nonpolar solvent or a gas,
are involved in a catalyzed chemical process, then only the solid catalyst may
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Figure 4.1 Simulated temperature distri- using an RF module and the COMSOL Mul-
bution in water and cyclohexane solvents tiphysics software Version 4.3a. Reproduced
in the presence of Pt/activated carbon (AC)  from Horikoshi and Serpone [5]. Copyright
catalyst particles subjected to microwave 2014 by the Royal Society of Chemistry.

radiation. The simulation was carried out

be selectively heated. Figure 4.1 illustrates the results of a simulation experiment
of the temperature distributions in water and in cyclohexane (a poor microwave
absorber) in the presence of an activated carbon (AC) catalyst support (a strong
microwave absorber) exposed to microwave radiation [5]. The simulations were
performed using an radio frequency (RF) module and the COMSOL Multiphysics
software Version 4.3a. The activated carbon was selectively heated in cyclohexane
by Joule loss heating, while selective heating of activated carbon did not occur
in aqueous media as water is a strong microwave absorber. The chemical reaction
typically occurs at the catalyst particle surface so that when only the dispersed cat-
alyst particles are selectively heated by the microwaves not only does the reaction
take place but significant energy conservation can also be achieved.

Relevant to the present discussion, a study by Matsuzawa et al. ([6]; see also
Chapter 7) examined the synthesis of 4-phenyltoluene by the Suzuki—Miyaura
coupling reaction using both heterogeneous and homogeneous Pd-based cata-
lysts. The heterogeneous catalyzed process was enhanced by the microwaves,
while the same reaction in homogeneous media was only slightly enhanced under
similar conditions. Moreover, when carried out in a heterogeneous solvent-free
system, the reaction was only slightly enhanced by the microwaves. Another
example is the synthesis of the monoglycerylcetyldimethylammonium chloride
(MGCA) surfactant from the 3-chloro-1,2-propanediol (CP) and N,N-dimethyl-
hexadecylamine (DMHA) precursors in 2-propanol solvent and under solvent-
free conditions [7] to expose the possible existence of specific effects in
microwave-assisted reactions. Results showed no specific microwave effect(s)
when the synthesis was carried out in homogeneous 2-propanol media under
otherwise identical temperature conditions to those of conventional heating
with an oil bath. However, when the reaction was performed under heteroge-
neous solvent-free conditions with microwave dielectric heating and oil-bath
heating at 130°C for a 30-min heating period, a specific microwave effect(s)
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was evidenced by differences in product yields (62% by microwave heating vs
47% by conventional heating). Hence, a heterogeneous system provides optimal
conditions to delineate the microwave effect(s) in chemical reactions. By contrast,
specific microwave effects have tended to be very difficult to ascertain in chemical
syntheses carried out in homogeneous media.

The above notwithstanding, however, though a heterogeneous catalyst sys-
tem is ideal for performing a catalyzed reaction by the microwave-assisted
method, the nature of the solvent medium remains nonetheless an important
factor to contend with. For instance, if a polar solvent were used in carrying
out the Suzuki—Miyaura cross-coupling reaction in the presence of the palla-
dium/activated carbon (Pd/AC) catalyst in heterogeneous media, the advantages
of using microwaves are diminished as the microwaves will heat nonselectively
the whole of the bulk solution. Despite this, however, Arvela and Leadbeater [8]
have witnessed significant enhancement effects of the microwaves using a novel
methodology of microwave heating and simultaneously cooling externally in
the synthesis of biphenyl compounds from the Suzuki—Miyaura cross-coupling
reaction, which led to significant product yields under such experimental
conditions.

Studies reported so far have demonstrated that selective heating of a solid cat-
alyst in a heterogeneous reaction is a typical occurrence when using microwaves.
The combination of the catalyst and catalyst support, which is a strong microwave
absorber, and a nonpolar solvent satisfy this condition. A fixed bed reactor is also
an effective component of a reaction system. The temperature distribution pecu-
liar to microwave irradiation can enhance adsorption and desorption (contact
efficiency) of the substrate onto the catalyst surface and can also lead to energy
saving during the heating stage(s). However, the heat developed on the catalyst
can escape to the atmosphere through the reactor walls. To avoid such heat losses,
insulation of the reaction container is usually used, with such heat insulating mate-
rials as fiberglass wrapped around the external walls of the reactor to prevent
escape of the heat to the surroundings. Unfortunately, such materials attenuate
the microwave radiation reaching the reacting substrates in the reactor. Accord-
ingly, novel reactor designs have been developed and their advantages have been
demonstrated [9].

4.3
Microwave-Induced Formation of Hot Spots in Heterogeneous Catalysis

431
Hot Spot Phenomenon

Several researchers have attempted to elucidate the existence of hot spots in
chemicals subjected to microwave radiation. Indeed, heating a solid catalyst by
microwave radiation frequently generates hot spots as a result of differential
heating. For example, an initial report by Mingos and coworkers [10] showed
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significant apparent shifts in the equilibrium constant in the microwave-assisted
gas phase decomposition of H, S catalyzed by metal sulfides on a y-Al,O, support
(solid/gas system). The authors attributed the shifts to development of hot spots
with dimensions of 90—1000 pm in the catalytic beds. In solid/liquid systems, hot
spots can reach temperatures 100—200 K above the temperature of the remaining
bulk and cause a possible reorganization of the catalyst under microwave irradi-
ation conditions. In this regard, Tsukahara et al. [11] observed the occurrence
of nonequilibrium local heating of dimethyl sulfoxide (DMSO) molecules in
the proximity of Co and Fe particles as a result of a faster input of microwave
power than heat loss induced by temperature gradients established between
the high-temperature microdomains and the surrounding low-temperature
domains. Such nonequilibrium local heating led to enhanced dechlorination of
2-chloroethylbenzene and 4-phenylbutylchloride. In that instance, the reaction
temperature of the microwave system was about 55K greater than the bulk
solution temperature (473 K) under microwave irradiation. The occurrence and
the existence of hot spots induced by microwave radiation on materials have
often been described by indirect suppositions, but have seldom been observed
visually. For instance, Gutmann et al. [12] have shown that formation of an
organomagnesium Grignard reagent could be both activated and deactivated
by the microwaves’ electric field (E-field), and attributed the activation event
as originating either from a “cleansing effect” of the Mg surface, or from the
formation of more reactive spherical Mg particles owing to mild electrostatic
discharges (arcing, hot spots) between individual Mg turnings. However,
neither the cause of the generation of the hot spots nor their features were
examined [12].

Accordingly, it is relevant to examine and explain the mechanism of genera-
tion as well as the minimization or suppression of hot spots. Events occurring
during the synthesis of 4-methylbiphenyl with the Suzuki—Miyaura coupling reac-
tion (Eq. (4.1)) under microwave irradiation investigated by Horikoshi et al. [13]
using a high-speed camera provide the basis to explain the occurrence of hot spots.
Figure 4.2 displays photographs recorded in real time, which show that the Pd/AC
catalyst particulates immersed in toluene solvent were selectively heated by the
microwaves’ E-field radiation:

K>CO3
Pd/CMC
QB(OH)Z ’ Br@\CHS CH3
Toluene, A

Phenylboronic acid 1-Bromo-4-methylbenzene 4-Methylbiphenyl
(4.1)

In the case considered, as soon as microwave irradiation was initiated, bubbles
could be seen immediately formed on the activated carbon surface after only 3 s
(Figure 4.2a), owing to differential heating of the activated carbon particles. More-
over, also observed was the aggregation of the activated carbon particulates as
though they had been magnetized by the microwave radiation. An orange-colored
light was observed from the aggregated activated carbon particles after 16s (see
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Start of hot-spot

Figure 4.2 High-speed camera photograph 16 of irradiation, (c) under continuous irra-
of the electrical arc discharge occurring diation, and (d) emitted light reaching max-
on the activated carbon in toluene solvent imal intensity. Reproduced from Horikoshi
under the microwaves’ E-field irradiation: (a) et al. [13]. Copyright 2013 by Elsevier B.V.
after 3 s of microwave irradiation, (b) after

the lower left side in Figure 4.2b). Subsequently, the light emanating from the
activated carbon surface increased as did its intensity, together with a greater
number of bubbles formed around the emitted light (Figure 4.2c). The emitted
light became even more intense on the activated carbon surface under exposure
to continued microwave radiation. Figure 4.2d shows the light from the hot spots
reaching maximum intensity, after which the luminescence from the activated
carbon surface disappeared, and the aggregated activated carbon particles were
re-dispersed.

Chemical yields of 4-methylbiphenyl produced in toluene solvent from the
Suzuki—Miyaura coupling reaction (Eq. (4.1)) under microwave E-field and
H-field irradiation together with those from the more conventional oil-bath
heating method are reported in Figure 4.3. Under E-field conditions, the yield was
about 6% after a 60-min irradiation period at an input microwave power of 70 W,
whereas the corresponding yield under H-field irradiation conditions was 34%
(also after 60 min). With the oil-bath heating method employed for comparison
with the microwave method, the chemical yield of 4-methylbiphenyl was 21% for
a heating time of 60 min. It was noted that when hot spots form, the efficiency of
the synthesis of 4-methylbiphenyl tended to decrease [13, 14]. On the other hand,
when no hot spots form, as occurred under H-field irradiation, the synthesis effi-
ciency of 4-methylbiphenyl was significantly greater by nearly sixfold (Figure 4.3).
Accordingly, it was relevant to investigate the influence that hot spots may have
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Figure 4.3 Product yields of 4-methylbiphenyl in toluene solvent under irradiation with
the microwaves’ H-field and E-field components and oil-bath heating. Reproduced from
Horikoshi et al. [13]. Copyright 2013 by Elsevier B.V.

on possible occurrence of side reactions other than the principal Suzuki—Miyaura
cross-coupling reaction. With an electrical power input of the microwaves fixed
at 70 W, generation of hot spots occurred with E-field irradiation, but none under
H-field irradiation. This also led to a closer examination of the Suzuki—Miyaura
cross-coupling reaction and side reactions that might include the formation of
biphenyl through a Suzuki—Miyaura homocoupling process and formation of
4,4’ -dimethylbiphenyl through an Ullmann-type coupling (Eq. (4.2)) [15] under
hot spot and no hot spot formation conditions:

Biphenyl
(Suzuki—-Miyaura homocoupling)

CHs3

2

>

QB(OH)z + Br@—CHS

Phenylboronic acid 1-Bromo-4-methylbenzene 4-Methylbiphenyl

(Suzuki—Miyaura cross-coupling)
Hs

c CH,

;

4, 4-Dimethylbiphenyl
(Ullmann-type coupling)

(4.2)

When hot spots do occur, the cause for the decrease of the yields in a chemi-
cal synthesis could be attributed to a decline in catalyst activity. In the present
case, formation of hot spots on the catalyst surface did decrease the yield of 4-
methylbiphenyl, yet the amount of by-product(s) generated increased. To under-
stand this assertion, Figure 4.4 illustrates scanning electron microscope (SEM)
images of the Pd/AC surface before and after the formation of hot spots [14]. The
Pd catalyst particles are dispersed rather uniformly on the AC surface prior to
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Figure 4.4 SEM images of Pd/AC catalyst formation of hot spots. Reproduced from
surface: (a) 0 min irradiation, (b) after 30 min  Horikoshi et al. [14]. Copyright 2011 by the
of microwave irradiation after formation of American Chemical Society.

hot spots, and (c) under conditions of no

microwave irradiation (Figure 4.4a). However, large Pd aggregates formed after
30 min of microwave irradiation of the Pd/AC catalyst under E-field heating condi-
tions (Figure 4.4b). By contrast, no aggregation of Pd particles occurred and no hot
spots formed under conditions when heating was carried out by the microwaves’
magnetic field (Figure 4.4c). Evidently, aggregation of Pd particles and generation
of hot spots (electric discharge) on the catalyst surface are events that occurred
concurrently under E-field heating conditions. Accordingly, the lower chemical
yields of 4-methylbiphenyl (12% vs 22% after 2 h of microwave irradiation) were
attributed, in part, to the formation of less reactive larger Pd aggregates as one of
several related factors that affect yields; for example, (i) a lower number of reactive
sites on the Pd particles through annihilation by the Joule heating effect, (ii) possi-
ble obstruction of reactive sites on the Pd particles by a small layer of carbonaceous
residue that might have formed by dielectric heating of the AC support under the
microwaves’ E field, and lastly (iii) to an excessive number of hot spots formed on
the Pd/AC catalyst surface. It was deduced that the decrease in efficiency was due
to aggregation of the Pd catalyst because of the hot spots on the activated carbon
surface [14].
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4.3.2
Mechanism(s) of Formation of Hot Spots

To further understand the phenomenon of hot spots, the distribution and the rela-
tionship of the microwaves’ E-field intensity (2.45 GHz) within the spatial volume
between the activated carbon particles were examined by a simulation technique
using an RF module and the COMSOL Multiphysics software Version 4.3a [13].
The distances between the activated carbon particles (size, 0.65 mm diameter) in
toluene were set up at intervals of 0, 0.001, and 0.1 mm. Figure 4.5a-i shows that
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Figure 4.5 Distribution of the microwaves’ E carbon particles in toluene together with the
fields (2.45 GHz) around two activated car- magnitude of the gap between the particles,
bon particles in toluene solvent simulated whereas (a-ii), (b-ii), and (c-ii) graphics show
with the COMSOL Multiphysics software Ver- the magnitude of the E field (Vm™') within
sion 4.3a. Colored images (a-i), (b-i), and (c-i) this gap. Reproduced from Horikoshi et al.
display the E-field intensity in two activated  [13]. Copyright 2013 by Elsevier B.V.
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at a distance of 0 mm (particles in contact with each other), the maximal elec-
tric field distribution was seen at both ends of the particles and decayed at longer
distances from the particles; the electric field intensity between the two particles
was 813V m~! (Figure 4.5a-ii). On the other hand, when the distance between the
activated carbon particles was set at 0.001 mm (Figure 4.5b-i), the field was con-
centrated entirely within the gap that separated the activated carbon particles; the
maximum E-field intensity was 11 838 V m~! (Figure 4.5b-ii). Compared with the
activated carbon particles that were glued to each other (0 mm), the change in
the electric field intensity was nearly 15 times greater if the particles were ever so
slightly separated by a mere 0.001 mm, not to mention the location of the electric
field observed in the volume between the particles. When the distance between
two activated carbon particles was extended to 0.1 mm (Figure 4.5¢-i), the maxi-
mal E-field intensity decreased down to 1253 V m™! (Figure 4.5c-ii).

Clearly, hot spots are generated whenever the particles are separated by very
small distances; however, when the distance was 0 mm no hot spots formed, at
least none were observed. Such a phenomenon recalls the surface enhanced plas-
mon resonance (SEPR) phenomenon that occurs between metal nanoparticles,
wherein the electric field of light is concentrated between nanoparticles within a
narrow gap [16]. To confirm experimentally the phenomenon predicted from the
simulations with respect to the effect of distances between particles and to the
generation of hot spots, activated carbon particles were pasted on a glass plate
at various distances using an adhesive made of polyvinyl acetate resin. Hot spots
were easily generated at distances between the activated carbon particles compa-
rable to those used in the simulation (Figure 4.6). The distance between particles
is therefore an important parameter in the formation of hot spots. Nonetheless,
generation of hot spots can be suppressed in a reaction taking place in a fixed bed
reactor under flow-through conditions.

433
Particle Aggregation by Polarization of Activated Carbon Particulates

Being able to observe visually a catalyst particle inside a reactor during an organic
synthesis catalyzed by metal catalyst deposits on AC support particles revealed
that the particles moved in a regular manner, which changed by whether the
magnetic field or the electric field was used whenever microwave radiation is
a part of the chemical process. Moreover, the catalyst particles were mutually
connected end-to-end along the particles’ major axis. As an example, it is useful
to consider the nature of the connection of Pd deposits on the AC support in the
Suzuki—Miyaura cross-coupling reaction as illustrated in Figure 4.7. The type
of connection between particles depends on either the electric field (E field) or
the magnetic field (H field) inside the microwave resonator. The direction of the
E-field and H-field radiation typically changes according to the position of the
sample in the waveguide; the latter can be arranged either vertically (Figure 4.7a-1)
or horizontally (Figure 4.7b-i), while the reactor is perpendicularly suspended
from the upper part of the waveguide [11]. Following the addition of activated
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Figure 4.6 Observation of hot spots gen- microwave irradiation; and (c) observed dis-
erated in activated carbon particles fixed at  tance between the particles in the fourth
various intervals on a glass plate: (a) photo-  column with an optical microscope. Repro-
graph of the initial sample; (b) formation of  duced from Horikoshi et al. [13]. Copyright
hot spots between the AC particles under 2013 by Elsevier B.V.

carbon particles (no Pd), phenylboronic acid, 1-bromo-4-methylbenzene, and
K,CO; to the toluene solvent, the suspension was then irradiated continually
by either the microwaves’ E-field or H-field components. The microwave input
power level for the E-field irradiation was 70 W, while the power level for the E-
and H-field irradiation ranged from 90 to 120 W. No hot spots were generated at
the lower power level. Inside the resonator waveguide, the E field is in a transverse
direction, whereas the H field is in the direction of the length of the waveguide.
As such, the E field irradiated the reactor positioned parallel to the field, while
the H field irradiated the reactor positioned perpendicularly to the field.

Connected particles of activated carbon under E-field irradiation are illustrated
in Figure 4.7a-ii, which shows that many of the AC particulates are connected
horizontally, in addition to being stacked. By contrast, under H-field irradiation,
the AC particles are connected in a circular manner (Figure 4.7a-iii) that takes
the form of the inner walls of the reactor. When placed in a conical reactor and
irradiated by the H field of the microwaves, the AC particles formed a small ring
in accordance with the aspect of the inner reactor wall (Figure 4.7a-iv).
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(a-i) Vertical waveguide

(a-iv)

(b-ii) - (b-iii)

Figure 4.7 Photograph of the reactor intro- under the E field (b-ii) and H field (b-iii)

duced into (a-i) the vertically positioned in the horizontally positioned waveguide.
waveguide and (b-i) horizontally positioned  Note that the photographs of a-ii and a-iv
waveguide. Appearance of the Pd/AC cat- were taken in a slant position. Reproduced
alyst in solution under E field (a-ii), H field from Horikoshi et al. [13]. Copyright 2013 by
(a-iii), and H field (a-iv; conical reactor) in Elsevier B.V.

the vertically positioned waveguide, and

The waveguide was also arranged horizontally, in which the reactor was sus-
pended from the upper part and then irradiated with both E-field and H-field
microwaves. Having arranged the waveguide horizontally, the directions of the
E-field and H-field components are now the reverse (Figure 4.7b-i). Under E-field
irradiation, the activated carbon particulates were connected horizontally in the
direction of the E-field radiation (Figure 4.7b-ii). On the other hand, under H-field
irradiation, the rings formed horizontally (Figure 4.7a-iii).

The directions of the E and H fields to the activated carbon particles distributed
in solution in the reactor are depicted in Figure 4.8. The E field irradiated
horizontally the activated carbon particles. Therefore, polarization arises on
both sides of the surface of an activated carbon particle (Figure 4.8a). For this
reason, an activated carbon particle is electrostatically connected horizontally
to another activated carbon particle (Figure 4.7a-ii). However, since neither the
reaction solution nor the activated carbon is magnetic, there should have been
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of the polarization on the activated carbon electric field produced by the magnetic
surface. (a) Vertical waveguide and E-field field. Reproduced from Horikoshi et al. [13].
condition; (b) vertical waveguide and H- Copyright 2013 by Elsevier B.V.

field condition; (c) horizontal waveguide and

no influence of the H field on the activated carbon particulates. However, the
vertically aligned H field generates circular Eddy currents according to Ampere’s
right-handed screw rule relative to the reactor (Figure 4.8b). Polarization thus
arises on the right and left of an activated carbon particle by this E field, which
led the activated carbon particles to be connected to each other. In accordance
with the aspect of the inner reactor wall, the activated carbon particles combined
to form a circle (Figure 4.7a-iii,a-iv). Since aggregation of the activated carbon
particles by a magnetic field is influenced by Eddy currents, irradiation required
a stronger microwave input power level (see later).

Under the conditions of Figure 4.7b-i, since the vertical E field parallels the
reactor, polarization is produced on both the upper and lower sides of the
activated carbon particle surface (Figure 4.8c) so that the particles are connected
vertically (Figure 4.7b-ii). Under H-field irradiation, an Eddy current is generated
(Figure 4.8d) so that, in this case, connection of activated carbon particles form
a vertical circle as illustrated in Figure 4.7b-iii. Polarization occurred through
the microwave’s E field, and connection of activated carbon particles took place
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by electrostatic attraction. Moreover, connection of particles also takes place
through formation of Eddy currents under H-field irradiation. As a consequence,
at a certain optimal distance, a hot spot is formed in the process in which particles
approach each other by electrostatic attraction.

434
Control of the Occurrence of Hot Spots

As inferred earlier, the occurrence of hot spots on a solid catalyst surface can
also be deleterious to microwave-assisted catalyzed reactions. Accordingly, stud-
ies have been undertaken to further clarify their generation and their influence
on chemical reactions, and to find means on how they could be controlled. When
aiming at the industrialization of a chemical process that involves microwave radi-
ation, this hot spot phenomenon peculiar to microwaves needs to be minimized if
not entirely suppressed, which can be achieved using only the microwaves’ mag-
netic field [14].

In addition, generation of hot spots can also be avoided by using Pt catalyst
particles deposited on carbon microcoil (CMC) supports (Figure 4.9) [17], which
indeed proved effective catalyst supports in microwave organic chemistry, even
though the available surface area was significantly smaller than that of activated
carbon particles. The CMCs also proved to be better microwave absorbers than
the ACs and thus optimal for the selective heating of metal catalyst deposits.

In addition, to the extent that toluene solvent in the process examined could be
heated with 5.8-GHz microwaves (a frequency change from the usual 2.45-GHz
microwaves), the temperature gradient between the catalyst and the solution bulk
decreased such that there was a remarkable drop in the generation of hot spots [3].

Chemical reactions can also be carried out with microwave dielectric heating
accompanied by the more conventional heating method, with the benefit that the
applied microwave power can be lowered. For instance, using an internal/external
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Figure 4.9 (a) Low-resolution SEM image of Pt/CMCs and (b) transmission electron micro-
scope (TEM) image of Pt-deposits on CMCs at greater resolution. Reproduced from Horikoshi
et al. [17]. Copyright 2012 by Elsevier B.V.
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hybrid dielectric heating methodology, in which indirect microwave irradiation
is achieved with the usage of microwave absorbers as heating sources (MAHSs;
external heating) and direct heating of the Pd/AC catalyst particles with the
microwaves (internal heating), led to a significant enhancement of the chemical
yields of 4-methylbiphenyl from the Suzuki—Miyaura coupling reaction in
toluene solvent [18]. An important result of this methodology is that the gener-
ation of hot spots can be controlled by the distribution of the microwave energy
and by the low-temperature gradient. Another advantage of the methodology is
that a high temperature can be maintained with significant energy saving.

The occurrence of hot spots in a heterogeneous catalyzed process can also
be controlled largely by the experimental conditions used [19], for instance
(i) by the size of the reactor, (ii) by the extent to which the solid catalyst particles
(e.g., Pd/AC) are dispersed within the reaction volume through changes in
stirring rates — that is, their dispersiveness, (iii) by irradiation with pulsed versus
continuous microwaves, (iv) by the microwaves’ input power levels, and (v) when
irradiating with microwave radiation in the presence of a standing wave or in its

Hot spot

(iii) 1500 rpm

Hot spot

Figure 4.10 High-speed camera photograph 550-W microwave irradiation and at a stirring
of the electrical arc discharge occurring on rate of (a) Orpm, (b) Orpm, and (c) 1500 rpm.
the Pd/AC catalyst surface during the reac- Reproduced from Horikoshi et al. [19]. Copy-

tion in the 25-mm wide tube reactor under  right 2014 by the American Chemical Society.



References

absence (nonstanding wave conditions). Increasing the rate of stirring of the reac-
tants tends to minimize the occurrence of hot spots as demonstrated in Figure 4.10
that displays the generation of hot spots in the heterogeneous sample at 0 rpm (no
mixing) and under conditions of significant mixing (stirring at 1500 rpm) [19].

The hot spots that formed under nonstirring conditions showed up as intense
white sparkles (Figure 4.10a). With the turbulence created by the microwave
heating, a large number of orange-like colored hot spots were observed over a
wide area (Figure 4.10b). By contrast, no hot spots displaying the whitish intense
sparkles were observed at 500 rpm stirring; only the orange-colored hot spots
were seen (not shown in the figure). The number and frequency of formation of
the orange-colored hot spots decreased considerably on increasing the stirring
rate to 1500 rpm (Figure 4.10c¢); in fact, there was a hint of only a small hot spot.

In summary, we have shown that hot spots do occur, under certain conditions,
at the catalyst particle surface, and their role in heterogeneous catalysis has been
described, together with the possible mechanism(s) through which such hot spots
are formed. Means to minimize or otherwise suppress the occurrence of hot spots
during the organic syntheses have also been described.
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Preparation of Heterogeneous Catalysts by a Microwave

Selective Heating Method
Satoshi Horikoshi and Nick Serpone

5.1
Introduction

Studies on the microwave-assisted synthesis of heterogeneous catalysts (solid
catalysts) originated in the 1980s with the microwave sintering of ceramics of
interest mainly to the American Ceramics Society [1, 2], while the synthesis of
metallic photocatalyst nanoparticles were investigated extensively in the 1990s
[3]. These studies provided the basis for today’s catalyst synthesis research in
microwave chemistry. Metallic catalysts are found deposited on the surface of
carbonaceous materials and can be found in the literature using such keywords
as: catalyst synthesis, microwave heating, zeolites [4], and photocatalysts [5]. A
nonexhaustive introduction into the study of microwave-assisted syntheses of
catalysts/carbonaceous materials is hereby given as exemplified by the synthesis
of TiO,-based catalysts and others using selective microwave heating and most
often carbon as the support in one form or other (e.g., activated carbon, carbon
nanotubes, graphene), and where available the activity of such catalysts.

5.2
Synthesis of Metal Catalysts on Carbonaceous Material Supports

Carbonaceous materials have been investigated widely as functional materials for
various applications that include electrodes for batteries and fuel cells, adsorbents
for water purification, and as catalyst supports [6—10]. With the continued devel-
opment of activated carbon (AC) technologies, new applications of microwave
heating in preparing carbon supports have witnessed successful and continued
interests [11]. Microwave-induced chemical reactions have been investigated
toward a large number of applications such as, for example, in the pyrolysis of
high volatile bituminous coal with nitrogen and coal gasification in water vapor.
Char - a solid material that remains after light gases (e.g., coal gas) and tar have
been released from a carbonaceous material during the initial stage of combustion
known as carbonization, charring, or pyrolysis — is a fairly good absorber of
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microwave energy [12, 13] that has led to applying a certain amount of microwave
energy for char synthesis to be established with minimal reaction conditions.

Microwave ovens are generally smaller than conventional ovens. When com-
pared with conventional electrical heating [14], microwave heating is a more
efficient and attractive way of removing oxygenated functionalities from carbon
surfaces. Microwave treatments produce comparable changes in the textural
and chemical properties of activated carbonaceous materials, although over a
far shorter time period. Microwave activation of AC produces a product that
performs better than standard activated carbon [15]. Accordingly, microwaves
are now being used in various technological and scientific domains where heating
dielectric materials is required.

Palladium nanoparticles deposited on carbon nanotubes (CNTs) find applica-
tions that range from hydrogen storage to catalysis [16—18]. The one-step linker-
free synthesis of hybrid materials that consist of palladium nanoparticles and
multiwall carbon nanotubes (Pd-NP/MWCNTSs) has been described, a method
that uses microwave radiation for the effective decomposition of the tris(dibenzy-
lideneacetone)dipalladium(0), Pd,(dba);, complex in the presence of MWCNTs.
High loadings of Pd nanoparticles (up to 40 wt%) having sizes between 3 and
5nm could be deposited on the surface of MWCNTs within a very short time of
only 2 min [19].

The microwave-assisted method to synthesize graphene-supported metallic
catalysts has become a widely documented method [20, 21]. Although graphene-
supported metal catalysts have high surface areas and stabilities, only a few studies
have examined their application toward organic reactions, whereas greater atten-
tion has been focused toward applications in fuel cells, hydrogen storage, sensors,
and solar cells [22, 23]. To reduce a solution of graphene from being agglomerated
and restacked to form graphite through van der Waals attractive forces owing
to the absence of O groups, some efforts has been expended on synthesizing
graphene-supported Pt nanostructures by the microwave heating method [24, 25].
Aggregation of graphene sheets reduces the high surface area of graphene and so
limits the effective dispersion of Pt nanoparticles being deposited onto graphene
sheets [26]. Microwave-assisted syntheses have also been reported on the prepa-
ration of graphene-supported Pt/Pd nanostructures, in which graphene oxide (or
graphitic oxide, GO), and Pt precursors (K,PtCl,) or Pd precursors (PdCl,) were
reduced using ascorbic acid in the presence of hexadecyltrimethyl ammonium
bromide through microwave irradiation [27]. Poly(diallydimethyl ammonium
chloride) is effective in modifying Pd/Pt nanoparticles through the functionaliza-
tion of graphene oxide in ethylene glycol (EG) [28]. Other reports have described
the deposition of Pt and Pd/Pt nanocrystals on exfoliated few layers of graphene
by solvothermal reactions [29]. In addition, the preparation and the deposi-
tion of Pd/Pt nanoparticles in cubic form on graphene have been carried out
in N,N-dimethylformamide solvent [30].

Microwaves can be used to synthesize graphitic carbon particles at tempera-
tures lower than a conventional method, the most common synthesis route being
chemical vapor deposition at temperatures around 800 °C in the presence of a
transition metal catalyst [31]. Microwave irradiation of polyethylene glycol at
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temperatures between 160 and 220°C for 40 min in the absence of a catalyst
yields chains of graphitic carbon particles.

Galletti and coworkers [32] synthesized ruthenium nanocatalysts using a
microwave-assisted solvothermal method that were deposited on a y-Al,O, cata-
lyst support. The resulting material could hydrogenate phenol to cyclohexanone.
A feature of this method is the rapid synthesis of Ru nanoparticles with a small
diameter and a narrow size distribution. Similarly, Glaspell and coworkers [33]
reported a simple method for the microwave-assisted synthesis and characteriza-
tion of Au and Pd nanoparticle catalysts supported on CeO, nanoparticles for CO
oxidation; catalysts so produced displayed high activity and stability. The method
offers extremely short reaction times and produces high yields of highly efficient
pure nanoparticle catalysts.

53
Photocatalysts

Through the years, advanced oxidation processes (AOPs) have been shown to
be effective in the photooxidative disposal of various volatile pollutants in the
gas phase and pollutants in aqueous media [34]. The most widely adopted AOPs
include photodegradation in the presence of TiO,, the Fenton, and photo-Fenton
processes, together with ultrasonication and ozonation (O;). AOPs rely on the
generation of reactive-free radicals, especially the hydroxyl and hydroperoxyl
radicals (OH’, HOO), and the superoxide radical anion (O,™) to effect pho-
tooxidations. Disposal of environmental pollutants through semiconductor
photocatalysis has attracted extensive interest over the last few decades. Among
various semiconductors, TiO, has been the leading photocatalyst owing to its
good photoactivity, high chemical stability, low cost, and nontoxicity [35]. The
field of heterogeneous photocatalysis has expanded rapidly within the last four
decades, having undergone various developments especially in relation to energy
and the environment. It has been defined as the acceleration of photoreactions in
the presence of a catalyst.

Inertness to the chemical environment and its long-term photostability has
made TiO, an important material in many practical applications and in com-
mercial products ranging from drugs to foods, cosmetics to catalysts, paints to
pharmaceuticals, and sunscreens to solar cells in which TiO, has been used as a
desiccant, as a brightener, or as a reactive mediator [36].

The two most significant and potential applications of photocatalysis have
been in solar water splitting and the purification of air and water that contain
low concentrations of pollutants. The multidisciplinary nature of the field has
also increased significantly and now includes semiconductor physics, surface
science, photochemistry, physical chemistry, materials science, and chemical
engineering [37]. Recent years have witnessed increased interest in applying
semiconductor-based photocatalysis toward environmental clean-up, drinking
water treatment, and industrial and health applications [38]. The catalyst itself is
unchanged during the process and no consumable chemicals are required, which
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results in considerable savings and simpler operation of the equipment involved.
The influence of the environment or ecosystem on the photocatalysts must also
be considered because most photocatalysts are in the form of nanoparticulates.
To avoid such issues, the photocatalyst nanoparticles are immobilized on some
suitable catalyst support. In this regard, significant progress has been made in
recent years in heterogeneous photocatalysis on immobilizing titanium dioxide
particles on such support materials as glass, silica beads, polymers, and zeolites
[39], as the re-use of dispersed TiO, nanoparticles can cause undue problems of
filtration. Accordingly, it is important to fix TiO, particles for possible recycling
after the photocatalytic events.

Some reports have described how to immobilize photocatalysts on the support
surface by the microwave heating method. For instance, Hu et al. [40] reported
a microwave-assisted synthesis of graphene/ZnS nanocomposites to be used as
photocatalysts in aqueous media. In this experiment, graphitic oxide and zinc
acetate dihydrate {Zn(CH;COO),-2H,0} were reduced simultaneously with
thioacetamide during the microwave irradiation process. Compared to other in
situ approaches, the microwave-assisted synthesis method allows for selective
activation of the target precursor to initiate nucleation, thereby generating
smaller and more uniform particles. Unfortunately, only scant studies have been
carried out on the immobilization of photocatalysts on catalyst supports by the
microwave method. Accordingly, additional studies will be required in the future
to find more performing photoactive immobilized catalytic materials.

Immobilization of TiO, nanoparticles on AC nanoparticulates has drawn great
attention owing to the high adsorption capability of activated carbon that can
enrich an organic substrate close to the catalyst, thereby promoting pollutant
transfer from the support onto the photocatalyst TiO, and potentially increasing
photocatalytic efficiency. The synergistic effect of adsorption of TiO, particulates
by AC can have beneficial consequences in the photo-induced transformation of
several types of organic pollutants, such as the defluorination of pentafluoroben-
zoic acid [41] and the photodegradation of a dye [42] in aqueous media, as well
as the photodecomposition of the volatile organic compound (VOC) isopropanol
(IPA) in air [43] in the presence of dispersed TiO,/AC particulates. However,
the hydrophilic characteristics of TiO, particles do not facilitate adsorption on a
hydrophobic-activated carbon surface. TiO, must first be coated if it is to be fixed
onto the AC surface, following which the surface area-to-volume of activated
carbon diminishes.

Finally, nanoparticles have important consequences on human health and on
ecological systems [44]. In this regard, the U.S. Food and Drug Administration
(FDA) permits up to 1% TiO, as an inactive ingredient in food products. While
there are no known health effects associated with the use of TiO,, a recent study
found that 3- to 6-year-old children are the most affected group of people that
consume TiO, particles from food products. A regulatory framework for the use of
TiO, in food products has yet to be firmly established in many countries, especially
in developing nations. Many new properties of TiO, have been explored during
the past few years [45].
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5.3.1
Preparation of TiO,/AC Particles

This section focuses on the preparation of TiO, particles supported on AC partic-
ulates using the microwave (MW) heating method, which is then compared to the
more traditional hydrothermal (oil-bath) heating method. Details of the procedure
are taken from some of our recent studies [46].

To prepare TiO,/AC particulates, an aqueous titanium oxysulfate solution
(0.125 M; 20 ml) and AC (1 g; diameter, 0.65 mm) were introduced into an Anton
Paar high-pressure Pyrex cylindrical reactor (30 ml), following which the reactor
was subjected to microwave irradiation using an Anton Paar Monowave 300
microwave apparatus under stirring conditions (400 rpm). Determination of the
temperature distribution in a reactor can pose frequent problems when using
microwave heating [47]. Accordingly, the temperature distribution in the sample
solution was measured using both a ruby fiber optic sensor located at the center
of the solution and a radiation thermometer near the external walls of the reactor.
The difference in temperature of the solution at the two locations was less
than 2°C, indicating a nearly uniform temperature distribution throughout the
suspension. Soon after the microwave heating step, the sample of TiO,/AC
particles was filtered and washed repeatedly with methanol and water, and then
dried at 500 °C overnight in an electric furnace. For comparison, conventional
heating with an oil-bath was also used in the synthesis of TiO,/AC particles under
otherwise identical temperature conditions achieved by soaking the cylindrical
reactor in the oil-bath preheated to 170—-190°C.

The initial transparent solution became cloudy at 70°C, turning to a white
dispersion of TiO, particles generated at 80 °C; at 90 °C the white color of the sus-
pension was enhanced even further. The TiO, particles formed a thin film coating
on the activated carbon surface at 70°C (Figure 5.1a; [46]) as confirmed by
SEM-EDX techniques (Figure 5.2; [46]), whereas TiO, particles formed on
the AC surface at 80°C (Figure 5.1b). Scanning electron microscopic (SEM)
photographs revealed an average particle size of TiO, on the AC surface of
426 nm at 80 °C; at 90 °C the average particle diameter was 415 nm (Figure 5.1c¢).
At a reaction temperature of 120 °C (note that since the reactor used in this exper-
iment was of a closed type, temperatures greater than 100 °C can be achieved by
changing the microwave input power) TiO, particles adsorbed on the AC surface
as displayed in Figure 5.1d, which shows small (357 nm) and larger intermingled
particles on the AC surface.

A comparison between the composite TiO,/AC particulates prepared by
the microwave heating method and the more conventional oil-bath heating
method at 80 °C is made in the SEM images of Figure 5.1e (oil-bath method) and
Figure 5.1b (MW method). Although the same heating rate and the same reaction
temperature were used, TiO, formed on the AC surface was different from that
of the microwave method (Figure 5.1b), with oil-bath heating only a TiO, thin
film formed on the AC support at 70 °C, and no changes occurred even when
the temperature reached 90 °C by the latter heating method (Figure 5.1f). Similar
findings were reported for the oil-bath heating method when the TiO, precursor
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Figure 5.1 Scanning electron microscopic
images of TiO,/activated carbon particulates
under various synthesis conditions: reac-
tion temperatures were (a) 70°C, (b) 80°C,
(€) 90°C, and (d) 120 °C under microwave
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heating conditions; using the oil-bath heat-
ing method the reaction temperatures were
(e) 80°C and (f) 90 °C; (g) naked activated
carbon as the control. Reproduced from Ref.
[46]. Copyright 2013 by Elsevier B.V.

keV

Figure 5.2 SEM-EDX pattern of TiO, coating on the activated carbon particulates upon
heating to a temperature of 70 °C by the microwave method. Reproduced from Ref. [46].
Copyright 2013 by Elsevier B.V.

was a titanium(IV) isopropoxide solution [48]. No growth of TiO, particles on
activated carbon by the microwave method had been hitherto reported. No doubt
the formation mechanisms of TiO, on the AC surface between the microwave
and the oil-bath heating methods must have differed as evidenced by the SEM
results and as described below.

Figure 5.3 displays a plot of the monotonic decrease in TiO, particle size on the
AC surface with increasing reaction temperatures [46]. Evidently, the TiO,/AC
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Figure 5.3 Plot illustrating the decrease in TiO, particle size on the AC surface at various
reaction temperatures. Reproduced from Ref. [46]. Copyright 2013 by Elsevier B.V.
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composite particles from the synthesis at the higher temperatures tended to have
lower specific surface areas. However, at temperatures greater than 100°C, the
TiO, particles tended not to be adsorbed on some sites of the AC surface. Results
suggested an optimal reaction temperature of 90 °C.

53.2
Proposed Mechanism of Formation of TiO,/AC Particles

A most important characteristic feature of heating a solvent medium by
microwave irradiation is the relative dielectric loss (e,”) factor [49], which
represents the quantity of input microwave energy lost to the sample by being
dissipated as heat. This factor is a useful index of the generation of heat because
of the interaction of the solvent with the microwave radiation field. Dielectric
losses at a microwave frequency of 2.45 GHz can be determined using an Agilent
Technologies HP-85070B Network Analyzer and an Agilent dielectric high-
temperature probe (up to ~200°C) at various temperatures (at 5°C intervals)
using a conventional plate heater. Temperatures of the solutions can be measured
with an optical fiber thermometer. As an example, the dielectric losses (g,”)
recorded for AC particles dispersed in an aqueous titanium oxysulfate solution at
various temperatures are reported in Figure 5.4 [46]. For comparison, dielectric
losses for pure water are also displayed that indicate a general decrease with an
increase in temperature.

The initial dielectric loss of the AC aqueous dispersion (¢, =33.4) at near-
ambient temperature decreased slightly up to about 60 °C, after which it increased
with an increase in temperature owing to some microscopic chemical changes
occurring in the TiO, precursor (titanium oxysulfate). This contrast is likely due
to efficient direct microwave heating of the activated carbon in the dispersion [50].
Accordingly, even though the AC particles were present in a high dielectric loss
solvent such as water, selective heating of the AC particles nonetheless occurred
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Figure 5.4 Relative dielectric losses (¢,’) at oxysulfate and (b) for pure water. Repro-
the microwave frequency of 2.45GHz and duced from Ref. [46]. Copyright 2013 by
at various temperatures (a) for the aqueous  Elsevier B.V.

dispersion of activated carbon and titanium
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Reactor wall Reactor wall

() (b)

Figure 5.5 Cartoon illustrating the growth mechanism of TiO,/AC particles produced
by the microwave heating method at (a) a temperature of 70°C and (b) at temperatures
greater than 80°C. Reproduced from Ref. [46]. Copyright 2013 by Elsevier B.V.

under microwave irradiation [51] and provided the necessary energy for the for-
mation and growth of the TiO, particles.

The proposed growth mechanism of TiO, under microwave heating at 70°C
and temperatures greater than 80 °C conditions is illustrated in the cartoons of
Figure 5.5 [46]. Both the dispersed TiO, particles in solution and the TiO, thin
coating on the AC surface formed under efficient microwave heating at 70°C
(Figure 5.5a). Apparently, the growth of the TiO, thin film took place through
heat conduction from the solution. At temperatures greater than 80 °C, the heat-
ing efficiency of the water by microwave heating decreased, whereas microwave
direct heating of the AC particles increased (Figure 5.5b). Evidently, direct heat-
ing of the AC particles produced TiO, particles on the AC surface, together with
smaller TiO, particles formed at the higher reaction temperatures. In the case
of the oil-bath heating method, formation of TiO, on the AC surface occurred
only through heat conduction from the heated oil outside the reactor. The growth
mechanism was independent of temperature changes.

533
Photoactivity of MW-Prepared TiO,/AC Composite Particles in the Degradation of
Isopropanol

Approximately 94% of IPA was either chemisorbed and/or physisorbed after
40 min under dark conditions on the TiO,/AC catalyst surface produced by
microwave and oil-bath heating methods, even though the specific surface
areas differed [46]. The extent of adsorption of IPA showed no further changes
after 40 min, following which UV-light irradiation of the TiO,/AC/IPA sys-
tem led to the photodecomposition of the volatile IPA via first-order kinetics
(12.4x 1073 min~!), whereas with the TiO,/AC particles produced by the
oil-bath method the photodegradation kinetics were nearly sixfold slower

87




—

[

=

Photodegradation, C/C,

88| 5 Preparation of Heterogeneous Catalysts by a Microwave Selective Heating Method
1.0 1.0 25
S oal . T
8 . 2 084 N IPA ~~ 77~ Acetone | 4
0.8 Oil-bath method s 08 1 Yo —> -
061 g 061 AL N 15 %
=2 N \ o
5 / AN \\ g
0.4 - = 0.4 | 4 A~ \ r10 5
MW method g i “a ° g
0.2 S 0.2- K N - 15 £
) / i~y o
0.0 T T T 0.0 ¢ T T T 0
0 20 40 60 0 20 40 60
Irradiation time (min) (b) Irradiation time (min)
Figure 5.6 (a) Photodecomposition kinet- of the intermediate product acetone in the

ics of isopropanol with the microwave-
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presence of TiO, alone (no AC support).
Reproduced from Ref. [46]. Copyright 2013
by Elsevier B.V.

(2.2x 107> min~!) — Figure 5.6a [46]. The greater degradation efficiency for the
microwave-prepared TiO,/AC composite was likely due to the direct formation of
TiO, particles on the AC surface. Figure 5.6 also compares the photodegradation
of IPA with and without the presence of the AC support.

Acetone and CO, gas are produced as intermediate and final products,
respectively, in the photodecomposition of IPA in the presence of TiO, only (no
AC support) — see Figure 5.6b [46]. With the TiO, particles produced by the
microwave method, the acetone intermediate formed after 20 min of UV irradia-
tion. However, with the TiO,/AC composites, the amount of acetone formed could
not be quantified because it adsorbed on the TiO,/AC particulates and underwent
further degradation to carbon dioxide as evidenced by a control experiment car-
ried out with dried TiO, particles (100 mg) and 300 mgl~! (ppm) of IPA. In this
control experiment, approximately 270 mgl=' (90%) of IPA was chemically
and/or physically adsorbed on the TiO, surface after 20min in the dark; no
further adsorption occurred after this time. There was no difference in the initial
adsorption under dark conditions between the particulates produced by the
microwave method and those from the oil-bath method, suggesting that the
photodegradation of IPA occurred through the mediation of the TiO, particles
formed on the AC surface [46].

54
Microwave-Assisted Syntheses of Catalytic Materials for Fuel Cell Applications

Fuel cells convert the chemical energy of a fuel into electrical energy (direct cur-
rent) through a chemical reaction with O, or with some other oxidizing agent.
Typically, H, produced from steam reforming of CH, is most commonly used;
however, hydrocarbons (e.g., methane) or such alcohols as methanol can also be
used directly (Figure 5.7) [52]. Though fuel cells produce electricity from the burn-
ing of such fuels, they differ from batteries in that a continuous supply of the
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Figure 5.7 (a) Model of a direct methanol fuel cell; the actual fuel cell stack is the layered
cube shape in the center of the image. (b) Scheme of a proton-conducting fuel cell.

fuel and the oxidizing agent are a necessity. And although the first fuel cell was
reported in the early 1800s, it was only over a century later that fuel cells saw their
first applications with the coming of space exploration.

Presently, fuel cells are used in various modes of transport, such as forklifts,
automobiles, buses, boats, motorcycles, and submarines, as well as providing pri-
mary and backup power in industrial and residential buildings [52]. Different types
of fuel cells are available that consist mainly of an anode, a cathode, and an elec-
trolyte that permits charges to migrate between the two compartments of the fuel
cell. They are usually classified by the type of electrolyte used and by the start-up
time. It must be noted that the burning of the fuel typically requires a catalyst,
particularly for hydrogen as the fuel where platinum particulates are the catalytic
entities often deposited on some appropriate support.

5.4.1
Microwave-Assisted Synthesis of Pt/C Catalyst Particulates for a H, Fuel Cell

The most efficient metal catalyst for fuel cell applications is platinum, which is
the only catalyst active for the oxidation of hydrogen, methanol, and reduction of
oxygen at low temperature. Carbon has proven a very good catalyst support for
Pt as it improves growth, structure, and dispersion of the Pt particulates that in
turn enhances the catalytic properties and stability of electrocatalysts such as plat-
inum [53]. In this regard, Chen and coworkers [54] reported a simple procedure
that makes use of microwaves to prepare Pt® nanoparticles supported on carbon
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Figure 5.8 TEM images of (a) the micro- catalyst (nominal Pt loading 20 wt%). Repro-
wave-assisted synthesis of Pt nanoparticles duced from Chen et al. [54]. Copyright 2002
supported on Vulcan carbon XC-72 and of by the Royal Society of Chemistry.

the (b) commercially available E-TEK Pt/C

particulates yielding Pt/C nanocomposites consisting of 10, 15, and 20 wt% Pt
wherein spherical Pt nanoparticles (diameter 3.5—4.0 nm) with a narrow particle
size distribution were uniformly dispersed on the carbon support (TEM images
in Figure 5.8). Tests revealed greater electrochemical activity of the Pt/C cata-
lyst nanocomposites for the oxidation of liquid methanol at ambient temperatures
than commercially available catalysts [54].

The pulsed microwave-assisted polyol synthesis method is a useful method to
deposit Pt particulates onto multiwalled CNTs to be used as electrocatalysts for
proton exchange membrane fuel cells [55] — see, for example, Figure 5.7b. The
method is effective in growing Pt nanoparticles on the CNT surface with smaller
sizes (2—3nm) and with good uniformity. Also examined was the effect of the
different microwave pulse factors (MP=¢_ /t g) on the size and morphology of
Pt nanoparticles over the CNT support. It appears that for a small MP factor, the
relaxation time (£,g) is significant compared to the irradiation time (z,,).

An optimal combination of irradiation time and relaxation time tends to induce
a rapid growth of nuclei in the reaction mixture, as a consequence of which Pt
particles with smaller size and good uniformity can be attained [55]. On the other
hand, if the relaxation time is less than the irradiation time by a large amount
(i.e., £y, > toq), the reaction temperature rises rapidly and the Pt** jons do not
have sufficient time to create new nucleation sites such that most of the metal-
lic ions would then adsorb over the previously deposited Pt particles. This phe-
nomenon is known as the gradual island growth , which results in Pt nanopar-
ticles on the CNT support with bigger size and poor uniformity, and forms Pt
aggregates. The viability of the pulsed microwave-assisted deposition method as a
simple and effective method was shown for the commercial feasibility in fuel cell
application.
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Preparation of Nanocatalysts for a Methanol Fuel Cell

A recent 2011 study by Amin and coworkers [56] reported on the preparation
of Pt/C and Pt/Co;0,/C catalysts and also examined their catalytic activity for
the oxidation of methanol through cyclic voltammetric and chronoamperomet-
ric techniques. The Pt nanoparticles were dispersed by two different methods: (i)
by an impregnation method and (ii) by a microwave-assisted method with Vulcan
carbon and Co;0,/Vulcan carbon as the supports for the platinum particulates.
Apparently, catalyst nanocomposites prepared by the microwave method exhib-
ited a lower catalytic activity than the nanocomposites prepared by the impreg-
nation method; the Pt/Co;0,/C composite catalysts displayed better electrocat-
alytic activity for the oxidation of methanol than did the Pt/C catalyst. Moreover,
significant electrocatalytic activities and good stabilities of the catalytic entities
were attributed to a synergistic effect between the Pt and the Co;0O,, which was
also responsible for greater dispersion of the Pt nanoparticles on the support sur-
face support. Both the impregnation and the microwave preparation methods
produced a uniform dispersion of small particles as was evidenced by the TEM
technique (see Figures 5.9 and 5.10).

The synthesis of Pt/Co;O, nanoparticles supported on C (Vulcan XC-72R)
was carried out in two steps [56]. In the first step, an appropriate amount of
Co(NO;),-6H,0 and carbon were mixed together in double distilled water
(loading Co;0,, 5 wt%; pH 10) after which the mixture was stirred constantly for
3 h, then filtered, washed several times with double distilled water, dried at 80 °C
for 6 h, and then calcined at 400 °C for 3 h in air to yield Co;O,/C. In the second
step, the desired quantity of prepared powdered support and a Pt precursor (i.e.,
H,PtCl;) were ultrasonically mixed in double distilled water (pH 11) for 1h at
70 °C following which a sodium borohydride solution was added to the mixture
(molar ratio of Pt to NaBH,, 1:70). The process was completed either by stirring
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Figure 5.9 TEM micrographs of Pt/C nanocomposites obtained by the (a) impregnation
method and by the (b) microwave synthesis method. Reproduced from Amin et al. [56].
Copyright 2011 by ESG, Belgrade, Serbia.
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(b)

Figure 5.10 TEM micrographs of Pt/Co;0,/C obtained by the (a) impregnation method
and by the (b) microwave synthesis method. Reproduced from Amin et al. [56]. Copyright
2011 by ESG, Belgrade, Serbia.

the mixture for 3 h in air (impregnation method) or by placing the mixture in a
household microwave oven (50 GHz, 1400 W) for 5 min (20s ON and 10s OFF).
The resulting samples were filtered, washed several times with double distilled
water, and dried in an oven at 80 °C for 6 h (Pt loading, 25 wt%).

At about the same time, Guo and coworkers [57] reported the preparation
of a catalyst for methanol oxidation in a fuel cell that consisted of Pt particles
supported on carbon aerogel (Pt/CA) using a microwave-assisted polyol process.
High-resolution transmission electron microscopy (HRTEM) and X-ray diffrac-
tion (XRD) results revealed a uniform dispersion of spherical Pt nanoparticles
(diameter, 2.5-3.0nm), while cyclic voltammetric and chronoamperometric
techniques showed the Pt/carbon aerogel catalyst to display greater electrocat-
alytic activity and electrochemical stability for methanol oxidation at ambient
temperature than did a commercial Pt/C catalyst sample with the same Pt loading
(40 wt%). A mechanism for methanol oxidation in acid aqueous media was also
suggested by the authors (Eqs. (5.1)—(5.3)) [57]:

CH,OH,,, + Pt —» PtCO, , + 4H* + 4e” (5.1)
H,O + Pt —» PtOH, 4+ H" + e~ (5.2)
PtOH,4, + PtCO,4 — Pt + Pt + CO,+ H" + e~ (5.3)

The synthesis of the platinum/carbon aerogel catalyst involved first the prepara-
tion of the organic aerogel by a sol—gel process using resorcinol and formaldehyde
mixtures dissolved in water with Na,COj, as the catalyst; the carbon aerogel was
then obtained by carbonizing the dried organic aerogel in a quartz tube furnace at
1050 °C for 4 h under an inert N, atmosphere [57]. Subsequently, the Pt/CA cat-
alysts were prepared from an EG solution of H,PtCl,-6H,O, followed by 30 min
of ultrasonic agitation and then by dropwise addition of a KOH solution. The car-
bon aerogel powder was uniformly dispersed in the final solution by ultrasonic
agitation, after which it was placed in a microwave oven (2.45 GHz, 800 W) and
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heated for 180s (6 cycles of 20s ON and 10s OFF). After filtration, the residue
was washed with deionized water and dried in a vacuum oven at 80 °C for 12 h.

54.3
Effects of pH on Pt Particle Size and Electrocatalytic Activity of Pt/CNTs for Methanol
Electro-oxidation

The electrocatalytic activity of Pt and Pt-based alloy particles is known to depend
on the type of carbon supports. In this regard, Li and coworkers [58] prepared
Pt nanoparticles with different mean sizes by microwave heating EG solutions of
H,PtCl, at different pH’s in the presence of CNTs as supports. The latter were
prepared by catalytic chemical vapor deposition using Ni,MoMg, nanoparticles
as the catalyst for CN'Ts growth; the carbon source was methane. Transmission
electron microscopy showed that Pt particles were smaller and more uniform
when the synthesis pH increased from 3.4 to 9.2; the mean particle size was 5.8,
5.2, 3.4, and 2.7 nm when the synthesis pH was 3.6, 5.8, 7.4, and 9.2, respectively
(Figure 5.11).

Clearly, the pH was an important factor that influenced the particle size so that
the size of the Pt particles could be selected by a simple adjustment of the synthesis

(c)
100 nm

Figure 5.11 TEM images of microwave-synthesized Pt/CNTs from ethylene glycol solutions
of H,PtCl, at different pH's in the presence of CNTs: (a) pH 3.6; (b) pH 5.8; (c) pH 7.4, and
(d) pH 9.2. Reproduced from Li et al. [58]. Copyright 2005 by Elsevier Ltd.
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solution pH [58]. In acidic media the Pt nanoparticles were apparently agglomer-
ated and not well dispersed on CNTs, and the particles’ size ranged from 2.0 to
9.0 nm. By contrast, in alkaline media, the Pt nanoparticles were hardly agglom-
erated and were well dispersed on the surface of CNTs. The majority of the Pt
particles varied from 2.5 to 4.5 nm for pH 7.4 and from 1.5 to 3.5 nm for pH 9.2,
indicating that the increase in the synthesis solution pH could improve the size
uniformity and dispersion of Pt nanoparticles on the surface of the CN'Ts. More-
over, electrochemical measurements showed that the Pt/CN'Ts catalyst prepared
from the synthesis solution pH of 7.4 exhibited better performances for methanol
electrooxidation than other samples [58].

5.5
Other Catalysts Prepared by Microwave-Related Procedures

In their article of 2003, Shi and Hwang reviewed some microwave-assisted wet
chemical syntheses of various catalytic materials in which they described the
advantages, the significance, and steps needed toward possible industrialization
[59]. Steps were identified and discussed to bring the microwave-assisted synthe-
ses of catalysts to industrialization, namely (i) identify and evaluate the microwave
nonthermal effect, (ii) examine the microwave effects at different synthesis stages,
and (iii) examine the temperature influence on the microwave effects.

In this context, the influence of microwave radiation on the properties and
structure of the Fe,0,/SO,>~ solid superacid catalyst was examined by Ning
and coworkers [60] who noted that compared to the traditional method of
preparing such superacids, the noncrystalline Fe,0,/SO,%~ superacid prepared
in a microwave field displayed the highest magnetic susceptibility and catalytic
activity toward esterification reactions.

The characterization and catalytic properties of nickel aluminate nanoparticles,
prepared by both a conventional combustion method (CCM) and a microwave
combustion method (MCM) using nickel nitrate and aluminum nitrate as pre-
cursors in aqueous media, were reported by Ragupathi and coworkers [61]. The
preparation involved the Opuntia dillenii haw plant extract, which simplified the
process, provided an alternative process for a simple and an economical synthesis
that required no surfactant, and led to a fast method for the synthesis of NiAl,O,
nanoparticles. The MCM produced NiAl,O, with uniform size and well-defined
shape with crystallinity and whose optical property was determined by diffuse
reflectance spectroscopy. The NiAl,O, prepared by the MCM possessed a higher
surface area, lower crystallite size than the NiAl,O, nanoparticles prepared by the
CCM, which in turn led to improved performance toward the selective oxidation
of benzyl alcohol to benzaldehyde.

Microwave hydrothermal processing has been used by Kumada et al. [62] to
prepare two bismuth oxides, ABi,O, (A =Mg, Zn) with the unusual oxidation
state of Bi®* that were previously prepared under limited hydrothermal condi-
tions only. The authors discovered that microwave hydrothermal processing was
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far more advantageous in kinetics than conventional hydrothermal processing for
soft-chemical reactions and for dissolution—precipitation reactions.

More interestingly, microwave irradiation can lead to morphology-controlled
growth of nano- and microstructures of ZnO. Various basic ZnO structures were
thus obtained by Cho and coworkers [63] that included nanorods, nanocandles,
nanoneedles, nanodisks, nanonuts, microstars, microUFOs, and microballs
(Figure 5.12) prepared by a fast, simple, and reproducible method that required
no template, catalyst, or surfactant at relatively low temperatures (90 °C) using
low-power microwave-assisted heating (~50 W) and a subsequent aging process.
Such results were obtained by changing the precursor chemicals, the capping
agents, and the aging times. Even more complex ZnO structures, including ZnO
bulky stars, cakes, and jellyfishes, were constructed by microwave irradiation of
a mixture of the as-prepared basic ZnO structures. Growth mechanisms for the
shape-selective ZnO synthesis were proposed based on these results; they are
displayed in Figure 5.13.

The industrial relevance of the use of microwaves in the preparation of catalysts
is best exemplified by a 2013 US patent from El-Shall and coworkers [64] who
produced graphene using microwave irradiation of solution phase graphitic oxide
in the presence of a chemical reducing agent, or alternatively by subjecting the
graphitic oxide to the effects of microwave plasma that needed no chemical reduc-
ing agent. The latter method was environmentally advantageous, cost effective,
and encompassed the simultaneous reduction of solution or solid phase graphitic
oxide together with a variety of metal (e.g., Pd, Co, Au, Ag, Cu, Pt, Ni, Fe, Mn, Cr, V,
Ti, and Sc) precursors that resulted in the dispersion of metallic nanoparticles sup-
ported on the large surface area of the thermally stable two-dimensional graphene
sheets. The graphene-supported metal nanoparticles were profitably used as cat-
alysts toward various Suzuki-type reactions involving aryl bromides and were free
of contaminants from residual solvent or reducing agent.

The microwave method has also been used [65] to synthesize solids with the
saponite structure with Mg?* or Ni?>* as octahedral cations and Fe?* in the tetra-
hedral sheet; the formulae of the resulting solids were calculated from the element
chemical analysis data resulting in SNiFe: {[Si,3¢Feq 64 [Ni5 g15]1[Nag 10109
(OH),-13H,0} and SMgFe {[Si; 500Feq 5001 M85 5201 [N 7020] O99(OH),-9H, O}. A
special type of silico-alumino-phosphate with opal structure (Opal-SAPO) has
been prepared under microwave irradiation conditions using tetraethyl orthosili-
cate, triethanolamine, aluminum isopropoxide, and phosphoric acid (85%) [66].
The catalytic behavior of the Opal-SAPO on regeneration of methylethylketone,
benzaldehyde, and cyclohexanone from the corresponding semicarbazone
derivatives was examined with results indicating that the OH groups on the Opal-
SAPO surface provided the Bronsted acidity to the substrates. The first step in the
regeneration of aldehydes or ketones from semicarbazone derivatives involved
the chemisorption of semicarbazones on the Bronsted acid sites. Cleavage of
the carbon—nitrogen bond was catalyzed by H* ions followed by hydrolysis
with small amounts of water; no reaction occurred without the presence of
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Figure 5.12 SEM (left) and TEM (right) images of the basic ZnO structures synthesized by microwave irradiation: (a, b) nanorods,
(¢, d) nanoneedles, (e, f) nanocandles, (g, h) nanodisks, (i, j) nanonuts, (k, I) microstars, (m, n) microUFOs, and (o, p) microballs. Repro-
duced from Cho et al. [63]. Copyright 2008 by the American Chemical Society.
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(d)

Figure 5.14 Scanning electronic microscopic spectra of (a) (NH,);PW,,0,,, (b) Cs;PW,,0,,,
(c) Ag;PW,,0,,, and (d) Cu;(PW,,0,,),. Reproduced from Ref. [67]. Copyright 2007 by Else-
vier B.V.

water. The reactivity of Opal-SAPO toward the regeneration of carbonyls was
methylethylketone > benzaldehyde > cyclohexanone [66].

Photocatalysts of the type MyPW;,0,, (M=NH,", Cs*, Agt, Cu®>"), prepared
by Deng et al. [67] using a microwave radiation solid-phase synthesis method, pos-
sessed an average particle size of about 15-80 nm (SEM and XRD techniques) —
see Figure 5.14. Diffuse reflectance UV —vis spectra showed that the absorption
band at 260 nm was shifted to 270—350nm and became broad in comparison
with those of phosphotungstic acid H;PW,,0,, (Figure 5.15). Results from the
photocatalytic degradation of formaldehyde demonstrated that the shift of the
UV —vis absorption band was proportionally related to the activity of the pho-
tocatalyst. The Cu;(PW,,0,,), catalyst that displayed the maximal red shift to
350 nm of its UV —vis absorption band was the most efficient catalyst in the pho-
todegradative conversion of formaldehyde, and possessed a network structure for
better shape-selective catalysis and for some photocatalytic activity under visible

16 -
14 -
12|

1.0 1.

Log (1/R)

0.8

0.6

0.4 4

0.2 T T T T T T 1

225.0 240 260 280 300 320 340
nm

Figure 5.15 Diffuse reflectance UV-vis spectra of (a) H;PW,,0,,, (b) (NH,);PW,,0,,, (c)
Cs3PW,,0,, (d) Ag5PW,,0,,, and (e) Cu;(PW,,0,,),. Reproduced from Ref. [67]. Copyright
2007 by Elsevier B.V.
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light. The M;PW,,0,, catalysts prepared by the microwave method were stable
and easily regenerated.

Preoxidized activated carbons impregnated with iron-based nanoparticles have
been prepared in a single step under hydrothermal conditions with microwave
radiation [68]. The hydrothermal treatment provided led to the formation of fine
particles that could easily be impregnated deep into the porous support by means
of water. Their efficiency for the removal of As(V) from water was compared with
the pure preoxidized activated carbon and iron oxide nanoparticles impregnated
without microwave radiation. As such, microwave radiation provided much
faster iron impregnation on the active carbon (AC) surface. At the first stage of
microwave radiation, iron oxide impregnation was low; however, after 6 min the
iron oxide nanoparticles (100 nm size) started to cover the surface uniformly.
Further treatment with microwaves increased the size of the particles and the
amount of surface coverage. Moreover, the microwave hydrothermal treatment
led to relatively higher iron oxide loadings within 10 min. XRD characteriza-
tion revealed that at the first stage of radiation, iron deposited in the form of
B-FeOOH, which ultimately turned into Fe,O,. Although radiation increased the
surface area of the material during the first stages, at the last stage the surface
area increased no further because of complete surface coverage. Laboratory
experiments showed that adsorption of arsenic on the iron oxide was strongly
dependent on pH, adsorbent dose, and As(V) concentration, with the percent
removal of As(V) increasing with decreasing pH of the solution so as to obtain an
effective arsenate removal; adsorption experiments required pH between 3 and 5
for the adsorbent materials.

A novel microwave-assisted synthesis of Ni/C nanocomposites was reported by
Gunawan and coworkers [69], which was achieved within a few minutes starting
from nickel salts and a renewable high-content carbon source, tannin. The carbon
precursor was Quebracho tannin, a renewable-resource material obtained from
the hot-water extraction of Schinopsis lorentzii and Schinopsis balansae that are
indigenous to Argentina and Paraguay. The process involved a simultaneous
carbonization of the carbon precursor as well as the reduction of nickel ions to
elemental nickel nanoparticles in an ambient atmosphere. The technique provided
a fast, easy, and economical way to produce nickel/carbon nanocomposites that
required neither hydrogen nor an inert gas during the transformation. The result-
ing nanocomposites possessed a high surface area and were said to be suitable
as high-efficiency catalysts. SEM images (Figure 5.16) showed that the solution
dispersion method gave a better dispersion of nickel nanoparticles than the solid-
state dispersion method. The surface area of the nanocomposites was high,
indicating a highly porous nanocomposite material.

Supported Ni-B catalysts have been synthesized by a silver-catalyzed electrode-
less plating method in a water bath (W) and in an EG bath under microwave irra-
diation [70] and used in the hydrogenation of acetophenone. Results showed that
nickel loading on Ni—-B/MgO catalyst was aided by microwave irradiation. The
increment of nickel loading resulted in growing particle size of Ni—B particles in
Ni—-B/MgO(W). By contrast, the particle size of Ni-B particle in Ni-B/MgO(EG)
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Figure 5.16 Scanning electron microscopic magnification; and (d) 75000x magnification.
images of the Ni/C nanocomposites prepared Reproduced from Ref. [69]. Copyright 2011
by solution dispersion at (a) 5000x magnifi- by the Taylor & Francis Publisher, London,
cation; (b) 10000x magnification; (c) 25000x UK.

catalyst changed somewhat under microwave irradiation. The best preparation
temperature under microwave irradiation was 328 K. Results from the hydro-
genation of acetophenone showed that the supported Ni-B catalysts exhibited
excellent phenyl-1-ethanol (PE) selectivity, and that the Ni-B/MgO(EG) showed
better catalytic activity and selectivity. The catalytic properties of Ni-B/MgO(EG)
could be promoted by increasing microwave irradiation temperature and time.
The hydrogenation of acetophenone was particularly important because of
the extensive industrial application of its possible reaction products, namely
phenyl-1-ethanol (PE) and cyclohexyl-1-ethanol (CHE) (Figure 5.17) [70]. The
selectivity of PE and CHE depended on the electronic properties of catalyst, in
which active metals rich in electrons prefer to adsorb C=O groups rather than
aromatic rings, resulting in a higher PE selectivity. Further hydrogenolysis of
PE to styrene can occur with further hydrogenation leading to the formation of
ethylbenzene (EB) with increasing partial pressures of hydrogen or hydrogenation
time so that hydrogenation should be carried out at low hydrogen pressure and
in short time to avoid formation of the latter two species.

Titanium dioxide, iron-doped TiO,, and sulfur-doped TiO, photocatalysts
were reported by Esquivel and coworkers [71] and synthesized using a microwave-
assisted method. The prepared samples were tested toward the photodegradation
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Figure 5.17 Scheme illustrating the possible pathway in the hydrogenation of acetophe-
none, which upon further hydrogenation yields styrene and ethylbenzene. Reproduced
from Ref. [70]. Copyright 2008 by Elsevier B.V.

of methyl red dye under UV irradiation at ambient temperature. Changes in
temperature and duration of the microwave synthesis caused some changes in
the textural and crystalline structure of the TiO,’s that influenced their photo-
catalytic activity. Best photocatalyst was the (0.1 wt%) S-doped TiO, prepared by
microwave irradiation at 215 °C for 60 min and subsequently calcined at 550 °C.
The authors ascribed the enhancement of color removal (49%) of the dye over the
latter photocatalyst to the formation of the anatase phase and enhancement of
sample acidity with respect to undoped TiO, [71]. Calcination at 700 °C led to
a drastic drop in activity because of formation of large rutile TiO, crystals. An
increase in the photoactivity with an increase in S content strongly suggested
that the positive effect of sulfur on the photoactivity of TiO, was due to its
ability to trap electrons. For the most active S-doped TiO, sample, the authors
inferred that the S species decreased electron—hole recombination, and contrary
to TiO, doping with S?~ ions, the microwave synthesis was not effective for the
preparation of effective Fe-doped TiO, photocatalysts for the targeted reaction.
Mixing mechanically the zeolite HZSM-5 (Si/Al=25) and an appropriate
amount of ammonium heptamolybdate ((NH,),Mo,0O,,-4H,0) yielded mixtures
that were subsequently calcined in a microwave oven for some time, after which
the solid samples were pressed, crushed, and sieved to separate the catalyst grains
in the size range 20—35 mesh for subsequent use in the aromatization of methane
[72]. For comparison, the same Mo catalyst loading was prepared by an impregna-
tion method. Results indicated that the catalysts prepared by microwave heating
performed better than the catalysts prepared by the impregnation method. XRD
analyses showed that the Mo species (20—30 nm) were highly dispersed on the
outer surface of the CNTs (from the aromatization of CH,), as also evidenced
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by TEM for the catalyst prepared by the microwave heating method. The actual
active species during the reaction was Mo, C.

Silver nanoparticles (AgNPs) have been synthesized in aqueous media using a
microwave-assisted synthetic route with hexamine as the reducing agent and the
biopolymer pectin (extracted from citrus peels and apple pomace under mildly
acidic conditions) as the stabilizer [73]. Transmission electron microscopic images
indicated that the nanoparticles espoused a spherical architecture with average
diameter of about 19 nm. Reduction of 4-nitrophenol to 4-aminophenol by NaBH,,
in aqueous media was selected as the model reaction with which to investigate the
catalytic activity of the pectin-stabilized AgNP, which did in fact display very good
catalytic activity.

Crosswhite and coworkers [74] prepared a series of nanoscale magnetic spinel
oxides of the composition MCr,0, (M =Cu, Co, Fe) to serve as heterogeneous
catalysts with good microwave absorption properties. Their activity as oxidation
catalysts in aqueous methanol media were investigated under microwave irradi-
ation, which led to rapid conversion of methanol to formaldehyde, directly gen-
erating aqueous formalin solutions. The Cu, Fe, and Co chromite spinel catalyzed
reaction occurred under relatively mild conditions (1 atm O,, 60 °C), with irra-
diation times of 80 min converting methanol to formaldehyde (Figure 5.18) [74].
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Figure 5.18 Conversion of methanol to formaldehyde after 80 min at 60 °C under 1atm O,
for the three spinel catalysts under varying MeOH:H, O ratios. Reproduced from Ref. [74].
Copyright 2013 by the American Chemical Society.
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Reaction run under identical conditions of concentration, time, and temperature
using traditional convective heating yielded dramatically lower percent conver-
sions for the Cu and Co spinels; no observable thermal products were obtained
from the Fe spinels.

An investigation into the influence of microwave radiation on the thermosta-
bility of chromia-alumina catalysts used in the dehydrogenation of low molecular
weight paraffins (a mixture of hydrocarbons mainly of the alkane series) has been
reported by Karimov et al. [75]. The authors discovered that the use of microwave
radiation in the preparation of the catalysts led to an increase in their thermosta-
bility through the stabilization of active centers during the drying of the catalysts
in a microwave radiation field. The thermostability of the catalysts correlated with
the temperature and the duration of calcination.

5.6
Concluding Remarks

This chapter has provided a nonexhaustive introduction into the study of
microwave-assisted syntheses of catalysts/carbonaceous materials as exemplified
by the synthesis of TiO,-based catalysts using selective microwave heating and
activated carbon as the support, and where available their activity. In addition,
some examples have been described that concerned mostly the preparations of
catalysts per se, while others also provided some clues as to their application — for
example, fuel cells. The reader may wish to consult another book that presents
additional information into the microwave-assisted preparative methods of
nanoparticulates [76].
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Microwaves in Cu-Catalyzed Organic Synthesis in Batch and
Flow Mode

Faysal Benaskar, Narendra Patil, Volker Rebrov, Jaap Schouten, and Volker Hessel

6.1
Introduction

Recent years have witnessed microwave (MW) radiation become an increasingly
attractive and novel energy source to conduct synthetic organic chemistry to
perform high-speed synthesis with excellent process operability and product
yields [1-8]. In addition, the combination of microwave heating and flow chem-
istry has recently emerged as a highly attractive opportunity in novel processing,
which has enabled a variety of tools to scale up and increase productivity for
a large number of chemical reactions [9-13]. The separate development of
both flow-through reactors, such as micro- and milli-reactors, and the field of
microwave-assisted chemistry has provided a relatively facile method to join
both efforts into a so-called micro-assisted (microreactors and microwaves)
process [14—20]. Kappe and coworkers have recently presented an overview
on the “Microwave-to-Flow” paradigm, where they demonstrated extremely
high temperature and pressure windows to conduct organic reactions enabled
by the combination of mesoscale reactors and microwave radiation [13, 21]. In
addition, Organ et al. have considerably contributed to the current developments
in microwave-assisted capillary-type flow reactors for metal-catalyzed organic
reactions [22-24]. More examples on dedicated flow systems in combination
with microwave heating have been reported for large-scale synthesis and
industrial applications [25]. The pharmaceutical company AstraZeneca studied
various examples of microwave-assisted organic reactions for flow synthesis of
pharmaceuticals, yielding productivities up to 61h~! [26]. Earlier, Moseley et al.
developed automated microwave stop-flow reactors that provided competitive
productivities as compared to batch-scale reactions [27]. However, the current
successes in combining microwave and flow systems have mainly been achieved
in multimode microwave cavities, which generally suffer from microwave field
inhomogeneities and nonuniform temperature distribution due to a limited
microwave penetration depth. So far, only a few reports on highly focused
single-mode microwave energy have been published. Recently, Patil et al. have
introduced a new scale-up method for single-mode microwave-assisted flow
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Edited by Satoshi Horikoshi and Nick Serpone.
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processing where modular scale-up was reached by implementing single-mode
microwave cavities in series [28]. In this way, a packed-bed reactor gave a conver-
sion of 99% with the highest production rate of 170 kg, ,4/kg.,, h for esterification
of acetic acid and ethanol catalyzed by ion-exchange resin in 18 single mode
cavities. A similar approach was carried out for a multicomponent reaction of
benzaldehyde, piperidine, and phenylacetylene catalyzed by a thin Cu film in
a wall-coated tubular reactor that provided 99% conversion with the highest
production rate of 7740kg,, ,4/kg., h in 28 cavities. The authors introduced a
novel way of combining flow reactors via a modular scale-up approach, with
implementation of a multicavity single-mode microwave assembly [28].

Recent progress in the field of microprocessing provided many remarkable
routes to replace typical batch processes with flow processes at various scales
[29, 30]. In particular, microstructured reactors are currently regarded as a
separate class of chemical reactors with their specific characteristics, such as very
low time constants for heat and mass transfer, and well-tuned residence times
[31-33]. However, for Cu-catalyzed liquid-phase organic reactions in the fine-
chemicals industry, different criteria exist to beneficially exploit microwave and
microprocess technologies. Of particular interest are the use of solids that make
flow processing in liquid-phase systems complex, and that can be circumvented
by pretreating the reactants [34], or else coating the catalyst onto predesigned
supports such as coated or packed-bed milli- or micro-tubular reactors [35].
Nevertheless, milli- and micro-process technologies present a unique way to
operate at high pressures and temperatures as a result of the smaller reaction
volumes [36—41], and thus provide safe conditions for less risky or complex
investments. Accordingly, this chapter will focus on recent developments of
heterogeneous Cu-catalysis used in microwave-assisted chemical reactions,
which in some cases have also proven of great benefit in flow-type reactors.

6.2
Microwave-Assisted Copper Catalysis for Organic Syntheses in Batch Processes

6.2.1
Bulk and Nano-structured Metals in a Microwave Field

6.2.1.1 Interaction of Bulk Metal with Microwaves

Currently, it is well accepted that, because of the so-called skin effect, metallic
powders above a certain size preferably reflect microwaves, while a fine metal-
lic powder is able to absorb microwave radiation and efficiently convert the
microwave energy into heating [42]. This effect can best be described according
to the penetration depth theory, where the small penetration depth of the elec-
tromagnetic field into the metals limits the temperature rise of a bulk metal and
allows effective MW heating only for metal particles or thin metal films [43, 44].
Typically, iron-based powders show the highest heating rates and temperatures as
a result of both Eddy current loss (in an alternating magnetic field) and magnetic
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reversal loss (in an alternating electric field). Indeed, diamagnetic metals (e.g., Sn
and Cu) are rather efficiently heated as compared to paramagnetic metals (e.g., Ti).
On the other hand, noble metals show very little heating owing to the absence
of an oxidic layer, which causes the Eddy current flow for heating [45, 46]. It has
also been reported that selective heating is significantly affected by the metal’s
particle size and the microwave frequency. The effect of particle sizes on heating
was found to be optimal in the range 50—100 nm, and would be highly amplified
if the metal particle were embedded in a nonmagnetic matrix, such as SiO,, TiO,,
and Al,O, [47, 48]. These matrices are typically found in heterogeneous catalysts,
where metal particles are supported on these matrices [49]. The efficient coupling
of metal powders with microwave radiation generally leads to high heating rates
and does not necessarily cause major arcing issues, provided the heat transfer to
the reaction medium is sufficiently fast. This property can be used selectively in
solid-state reactions, where the heat supply to the solid is eventually transferred to
the reaction process. For example, the synthesis of metal chalcogenides and metal
cluster compounds has previously demonstrated to be highly effective, especially
since the reaction products appeared to couple efficiently with microwave
radiation [50]. For large particles (>10pum), the phenomenon of arcing has
also been regarded as an important issue that should be addressed, especially
when operating with flammable solvents. In the case of copper, Whittaker et al.
showed that the total amount of Cu powder in a solvent significantly influences
microwave absorption and arcing formation [51]. They correlated the frequency
of arcing mainly to interaction of particles, which increased at increasing Cu
loading in the reaction system. This effect was also observed by Benaskar et al.
[52] in the microwave-assisted Cu-catalyzed Ullmann C-O coupling reaction
where it was observed that the amount of sparks formed in a dimethylacetamide
solvent was linearly related to the Cu-catalyst loading (see Table 6.1).

6.2.1.2 Metallic Catalyst Particle Size and Shape Effect on Microwave Heating

The heating efficiency of metal particle supported on a support matrix has
long been a point of discussion with regard to a theoretical approach. Several
studies have been done to investigate whether a significantly high metal particle
temperature can be attained within a nonabsorbing catalyst support matrix,
resulting from the energy dissipation to the metal particle environment [53, 54].

Table 6.1 Number of sparks formed in the Cu-catalyzed Ullmann-type C-O coupling
reaction using dimethylacetamide (DMA) as the solvent.

Catalyst loading (mg) Number of sparks (min~")
0 0
20 2
40 5
80 8

100 12
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However, from the heterogeneous catalysis point of view, the local hot spots,
where only the catalyst particle is heated and not the support matrix, lead to
highly efficient chemical conversion owing to heating-up from the catalyst and
quenching-down from matrix and (nonpolar) solvent. This selective heating has
been demonstrated by Benaskar and coworkers for a Cu nanoparticles-based cat-
alyst supported on a TiO, mesoporous film, which were coated onto glass beads
and applied as a fixed-bed reactor (Figure 6.1) [14]. These authors demonstrated
that the alternating segmentation of the catalyst-coated and noncoated sections
led to significant temperature rise at the catalyst section and temperature stag-
nation at the inert segments (Figure 6.2). These authors also showed that the use
of Cu-absorbing catalyst nanoparticles supported on poorly absorbing TiO, in a
nonabsorbing p-xylene flow could still reach 120 °C, which is a typical reaction
temperature for some organic reaction. Also, the use of micron-sized copper
particles has shown great effect on the heat-up rates and final temperatures when
irradiated with microwaves.

Single mode MW field
Reaction
flow in

Movable
temperature
measurements

Reaction
flow out

Cu-nps/TiO, catalyst segment

Figure 6.1 Experimental setup for local temperature measurements at local Cu-catalyst-
deposited section.
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Figure 6.2 Microwave temperature profiles obtained at various axial positions from the
multisegmented Cu/TiO,/SiO, micro fixed-bed reactor using p-xylene as nonabsorbing

solvent.
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Ma et al. found that the effect on heating is strongly dependent on conductivity,
permittivity, and permeability of the copper powder [55]. Rybakov et al. developed
amodel that described the microwave absorption capacity of electrical conductive
materials under various microwave irradiation conditions. The theoretic model
showed good agreement with their experimental observation of microwave irradi-
ation regarding both volumetric and localized temperature rise [56]. Mishra et al.
were able to describe an electromagnetic thermal model and experimentally vali-
date the temperature profile of Sn, Cu, and W alloys under multimode microwave
heating [57]. Mondal et al. reported that the thermal profile of electrically conduc-
tive copper is affected by the particle size and the porosity (resulting from pressing
the powder) under 2.45 GHz multimode microwave irradiation [58]. They studied
copper powders with mean particle sizes varying from 6 to 383 pm with initial
porosities from 24% to 44% and showed very effective coupling with microwaves
attaining temperatures above 1000 °C. They further observed a very significant
dependency of the temperature rate on both the particle sizes and porosity. In the
case of particle sizes, there was a significant effect on both the initial temperature
increase and final temperature, whereas the variation of porosity (after pressing
the particles) appeared to affect only the time required to reach the final tempera-
ture, which was similar for all the porosities. Table 6.2 shows the time required to
reach the final temperatures and the recorded final temperatures as a function of
particle sizes. These authors also explained the effect of particle size on the heating
rate and on the final temperature as resulting from the difference in the so-called
skin depth and the change of surface area as a function particle size. The effect
of porosity (or green density) on the heating rate is summarized in Table 6.3 as
the time required to reach the final temperature, which in all cases appeared to
be 1000°C. To obtain the various densities, Cu powder (particle size of 18 pm)
was compacted via a compaction press from 90 to 350 MPa to attain theoretical
densities ranging from 56% to 76%.

6.2.1.3 Polymetallic Systems in Microwave Chemistry

The use of polymetallic systems has shown great benefits in recent decades
from the point of view of both chemical activity and physical stability. Using a
polymetallic catalyst in microwave-assisted chemistry has also recently shown
benefit with respect to selective heating [14]. Lee ef al. used a suspension of
copper/iron bimetallic nanoparticles in combination with microwave heating

Table 6.2 Time and final temperature obtained as function of the copper particle sizes.

Particle size (um) Time required to reach Tanal (min) Final temperature (°C)
6 20 1003
12 25 958
18 29 929
63 30 912

383 37 809
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Table 6.3 Time and final temperature obtained as function of the copper particle sizes.

As pressed densities (%)? Time required toreach T, (min)®
56 5
65 8
71 12
76 13

a) The porosity was measured as the inverse of density, thus 44%, 35%, 29%, and 24%.
b) Final temperature for all experiments was 1000 °C.

to enhance the chlorobenzene decomposition in aqueous solutions [59]. They
showed that the degree of nanoparticles in the aqueous suspension played a
major role in MW absorption that consequently led to increased chlorobenzene
decomposition. Their hypothesis was that microwave irradiation significantly
enhanced the catalytic effect of Cu® in chlorobenzene removal, whereas the Fe’
played a major role as a heating source. Engels et al. reported on highly oxidative
stable Cu nanoparticles catalyst using hydrazine hydrate, sodium borohydride,
and sodium hypophosphite to synthesize copper nanoparticles with different
morphologies and mean particle sizes via a chemical reduction method [60]. This
synthesis method for highly stable copper bimetallic nanoparticle catalyst has
also shown great benefit in other applications, which also demonstrated to be
applicable for microwave-assisted chemistry [61].

6.2.2
Microwave-Assisted Copper Catalysis for Chemical Synthesis

6.2.2.1 Bulk Copper Particles for Catalysis and Microwave Interaction

The use of micron-sized copper powders and particles has shown great benefit
in microwave-assisted catalyzed reaction. Although it is generally assumed that
micron-sized particles possess less surface for catalytic reactions, as compared
to nanosized particles, the interaction of microwaves with micron-sized powders
provides beneficial effects compared to well-dispersed nanoslurries [57]. A
powdered copper catalyst was also used in the microwave-assisted Ullmann
ether synthesis using a variety of chloroheterocycles with different phenols
(Scheme 6.1). D’Angelo et al. reported a significant yield increase in consid-
erably shorter reaction times when using microwaves instead of conventional

HO i i O\Het
Het— X + Cu-powder (0.1 equiv.), Cs,CO3 (3 equiv.)
DMF, 100 °C, 60 W, Microwave

Scheme 6.1 The Ullmann-type C-O coupling from 4-chlorpyridine-HCl and phenol using
microwaves and Cu nanoparticles.
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heating [62]. They proposed a facile method for the aryl ether synthesis from
chloropyridines, chloroquinolines, and chlorobenzothiazoles using micron-sized
Cu powders in conjunction with microwaves.

6.2.2.2 Microwave-Assisted Copper-Catalyzed Bond Formation Reactions
Copper-mediated bond formation reactions represent important transformation
processes that have recently been the object of an intensive focus to develop a wide
range of substrates and products. Recently, Zhao et al. reported an efficient and
practical protocol toward the synthesis of 5,6-dihydroindolo[1,2-a]quinoxaline
derivatives via the microwave-assisted Cul-catalyzed intramolecular N-arylation
mechanism [63]. Their method showed a major improvement to afford tetra-
cyclic products with good to excellent yields (83-97%) in short reaction times
(45-60 min) using microwave irradiation (Scheme 6.2).

O g
N NH Cul/ligand N NH

H Base/solvent
Microwaves (30 W)

Scheme 6.2 Microwave-assisted synthesis of 5,6-dihydroindolo[1,2-alquinoxaline using a
Cul-ligand based catalyst.

Benaskar et al. reported the first example of poly(N-vinylpyrrolidone)-
protected copper nanoparticles used in the microwave-assisted Ullmann ether
synthesis [64]. They compared the activity with various micron-sized Cu powders,
Cu wires, and Cu salts under both microwave and oil-bath heating (Scheme 6.3).

Cl HO. Cu-source (0.1 equiv.) o)
N \© Cs,CO; (2 equiv.) ©/ | N
+
N DMA, Ar N
a ’ >
"HCI Microwave 60-90 W
Oil-bath 120-140 °C
(1 equiv.) (1.5 equiv.) -ha

Scheme 6.3 The Ullmann-type C-O coupling from 4-chlorpyridine-HCI and phenol using
microwaves and Cu nanoparticles.

Nanoscopic Cu catalysts provided very good yields in the microwave-assisted
Ullmann ether synthesis of 4-phenoxypyridine. This was enabled using oxidation-
resistant nanoparticle catalysts. However, microwires proved to be excellent cat-
alysts in oil-bath heated systems [64]. Liu et al. reported a microwave-assisted
copper-catalyzed coupling reaction of halopyridines using various nitrogen nucle-
ophiles under solvent-free and ligand-free conditions yielding the corresponding
coupling products in moderate-to-high yields (Scheme 6.4) [65]. In their investi-
gation toward solvent-free and ligand-free microwave-assisted coupling reaction,
the authors screened various bases and copper sources using the model reaction
of the coupling of 3-iodopyridine with pyrazole.
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- o
~ Cug ) A
| —L X + RRNH | —NRR'
/ Microwave 50 W /

N N

Solvent and ligand free

Scheme 6.4 Microwave-assisted solvent-free and ligand-free copper-catalyzed cross-
coupling between halopyridines and nitrogen nucleophiles.

In line with previously reported work, the use of Cu,O as a catalyst and Cs,CO,
as a base appeared to be most favorable with respect to product yield [66]. It was
concluded that the heteroarylated product would not form if either the base or the
copper were missing, suggesting that the mechanism does not follow the Sy Ar
mechanism [67]. Ke et al. reported on the simple and efficient synthesis proto-
col of a variety of alkylated phenols via a microwave-assisted copper-catalyzed
hydroxylation of aryl halides in an aqueous environment (Scheme 6.5); yields were
obtained in moderate-to-excellent yields of up to 95% [68]. This protocol lays an
important basis to synthesize 2,3-dihydroxy-1,4-naphthoquinone, well known for
its antiproliferation effect.

Liooc. N
CuCl, Lig=
@—x (n-Bu),NBr, KOH, H,0 /\ OH
R/— 120 °C, 40 min, Microwave F{/—

X=1,Br,Cl

Scheme 6.5 Microwave-assisted copper-catalyzed hydroxylation of aryl halides to a variety
of alkylated phenols.

Earlier He et al. developed an operationally simple and efficient method for the
copper-catalyzed coupling of a variety of aryl bromides and iodides with phe-
nols using microwave heating [69]. However, the excess of phenol, expensive aryl
iodides, and bromides, in combination with the relatively high reaction tempera-
tures, make this protocol highly inefficient (Scheme 6.6).

X=1,Br
X OH Cul (0.1 equiv.) 0
i > i \ Cs2CO3 (2 equiv.) i \
F(1—I + R T — — ~ Ri- i Ro
= / N-methylpyrrolldlnone =
) . Microwave
(1 equiv.) (2 equiv.) 195 °C
Ry R
H -H
-para-t-Butyl -para-methyl
-meta-dimethyl -meta-methyl
-meta-methoxy -ortho-methyl
-para-cyano -ortho-dimethyl

Scheme 6.6 Arylation of various substituted phenols with various aryl halides.
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A catalyst-free microwave-assisted diaryl ether synthesis taking place at high
reaction temperatures was reported previously [70]. The authors claimed to
have prepared diaryl ethers by direct coupling of phenols with electron-deficient
aryl halides, obtaining excellent yields under microwave irradiation at about
190°C within 10min. Enantioselective production of N-aryl-a-amino acids
was reported via a microwave-assisted copper-catalyzed N-arylation of various
a-amino acids and aryl halides [71]. A highly efficient catalytic microwave system
was demonstrated that led, in most cases, to much higher product yields in less
than 30 min compared to a conventionally heated reaction (Scheme 6.7).

R

X H,N o HN/k

Cul/K,CO,, DMF

140 °C ,15-25 min, Microwave
X R OH |

COCOH

X
\ /

Scheme 6.7 Production of N-aryl-a-amino acids via a microwave-assisted copper-catalyzed
N-arylation of various a-amino acids and aryl halides.

Wu et al. developed an experimental method for the N-arylation of various
N-H containing heteroarenes with (S)-[1-(3-bromophenyl)-ethyl]-ethylamine
using microwave irradiation [72]. Although their method appeared to be repro-
ducible, the reaction time and temperature makes this reaction still not efficient
for large-scale production (Scheme 6.8).

Br Het
NH, Cul, K,CO,

195 °C, Microwave

+ Heteroarenes

d

Heteroarenes
Imidazole
2-methyl-imidazole
Benzo-imidazole
Pyrazole
4-Methylpyrazole
3-Methylpyrazole
3,5-Dimethylpyrazole
Indazole
1,2,4-Triazole
Pyrrole
Indole

Scheme 6.8 Microwave-assisted copper-catalyzed N-arylation of N-H heteroarenes with
various heteroarenes.

Kale et al. developed a new catalyst system for efficient synthesis of 1,2,3-
triazoles in aqueous media with excellent yields via a multicomponent reaction
using microwave heating (Scheme 6.9) [73]. The main advantage of microwave
heating was the dramatic reduction of the reaction time, from 90min by
conventional heating to 5min under microwave heating. Their methodology

119



120

O
¢}

6 Microwaves in Cu-Catalyzed Organic Synthesis in Batch and Flow Mode

0

+ NaN, Cu-apatite, H,0 _
100 °C, Microwave N
% N*N/
Cu-apatite

Cu-HAP = Cu-Hydroxyapatite
Cu-FAP = Cu-Fluoroapatite
Cu-CAP = Cu-Chloroapatite
Cu-HT = Cu-Hydrotalcite

Scheme 6.9 Microwave-assisted multicomponent reaction of alkyne, halide, and sodium
azide catalyzed by copper apatite as heterogeneous base and catalyst in water.

was applicable to a wide range of alkynes and halides; various Cu apatite-
based heterogeneous catalysts were proposed. Among the fluoro-, chloro-,
and hydroxyl-apatite, the latter demonstrated the highest activity, whereas the
hydrotalcite showed the least activity.

NH, O NH,

NH,
SO;zNa SOzNa
O \ Cuo, pH i O‘O
+ —R
= 80-120 °C, Microwave
B 2-20 min
r (0]

HN N
e
=

Scheme 6.10 Microwave-assisted Cu(0)-catalyzed Ullmann coupling toward the production
of anilinoanthraquinones.

Baqi et al. reported the synthesis of a range of anilinoanthraquinones using a
novel, Cu(0)-catalyzed, microwave-assisted Ullmann C-N coupling reaction of
bromaminic acid with a range of aniline derivatives in a slightly acidic phosphate
solution (Scheme 6.10) [74]. The synthesis of unprecedented compounds using
this methodology could find industrial applications in the preparation of dyes.
Good-to-excellent yields were obtained within 2-20min at 80-120°C and
40-100 W microwave power [74]. This methodology provided a novel way
to access anilinoanthraquinones, thereby enabling the synthesis of previously
inaccessible compounds. Also investigated were various copper sources; highest
activity was obtained from metallic copper. In addition, for all 26 substituted
anilines that were studied, microwave heating resulted in much higher yields and
shorter reaction times compared to conventional heating.

6.2.3
Supported Cu-Based Catalyst for Sustainable Catalysis in Microwave Field

6.2.3.1 Microwave Activation and Synthesis of Cu-Based Heterogeneous Catalysts
In addition to the application of Cu catalyst in microwave heating, examples of
microwave-assisted Cu catalyst have also been reported by Lin and coworkers
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who found a significant improvement on the methanol reforming reaction activity
using a microwave-treated Cu/ZnO catalyst [75]. The activity and stability of the
catalyst was confirmed using transmission microscopy and X-ray diffraction, as
well as photoelectron and absorption spectroscopic analyses. Apparently, the
enhanced activity and stability may be the result of defect formation and strong
metal support interactions after microwave irradiation.

Efficient microwave calcination of Cu-based hydrotalcite, which enhanced the
crystallinity of the oxidic and spinel phases, was reported by Cross et al. [76]
who used an integrated feedback system, wherein the catalyst temperature was
maintained constant and the microwave power was varied. Under microwave
irradiation, they also observed crystal phases that would otherwise only be
observed at much higher temperatures in the case of conventional heating. The
catalyst demonstrated much higher activity in the base-catalyzed transesterifica-
tion of glyceryl tributyrate with methanol. The authors attributed the increased
activity to the increased concentration and strength of basic sites and to the
occurrence of surface defects. It was postulated that this was caused by the release
of water during dehydroxylation, as a result of localized temperature variation
under microwave irradiation (Scheme 6.11).

(0]
Il
O_C/\/\ MW-treated
Cu/ZnO

O
I (0]
O—C/\/\+ 3 CHZOH M) 3 HsC/ W +

(“) O
O—C/\/\

Scheme 6.11 Catalyzed transesterification of glyceryl tributyrate with methanol using
MW-treated Cu/ZnO catalysts.

Mallikarjuna et al. reported on the control of the shape and size of nanos-
tructured metals in aqueous sugar solutions with microwave irradiation [77].
The sugar concentration determined the size of Ag, Pd, and Pt varying from 2 to
15nm. The use of maltose sugar in the case of Au particles resulted in prisms,
cubes, and hexagonal nanostructured shapes, whereas spherical nanostructures
resulted from a-D-glucose and sucrose. A catalytic oxidation method was pro-
posed using pyrrole monomers to synthesize catalytically active nanocomposites
from the nanocrystals.

6.2.3.2 Cu-Supported Catalyst Systems for C-O, C-C, C-S, and C-N Coupling Reactions
A new route of supported Cu catalyst on TiO, film was recently introduced for
the C-O coupling reactions for the preparation of Cu and CuZn nanoparticles
supported on nonporous TiO, and mesoporous TiO, films as supports [35]. Thin
films of TiO, were also deposited on SiO, and TiO, beads as substrates for activity
and stability testing. The catalytic activity of Cu nanoparticulate-based catalysts
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has been examined in the Ullmann C-O coupling reaction of 4-phenoxypyridine
and potassium phenolate [34]. A mesoporous TiO, support consisting of 20 nm
pores appeared to provide the highest product yield at a catalyst loading of
2wt% Cu/meso-TiO, films with considerably high stability against leaching
(Scheme 6.12).

Cl Cu/TiO, (0.02 equiv.)

KO O,
| \ + 18-crown-6 (0.01 equiv.) | N
N__~ DMA, Ar /N
Microwave

(1 equiv.) (1.2 equiv.) Oil-bath
130 °C

Scheme 6.12 The Ullmann-type C-O coupling from 4-chlorpyridine-HCl and phenol using
microwaves and Cu nanoparticles.

6.3
Microwave-Assisted Copper Catalysis for Organic Syntheses in Flow Processes

6.3.1
Microwave-Assisted Catalyzed Organic Synthesis in Flow Processes

Various types of microwave-assisted flow reactors for catalyzed reactions have
been reported in the last few decades mainly to translate the small-scale efforts
into large scales. An important drawback accompanying scale-up of batch
reactors originates from the restricted penetration depth of microwaves, which
are typically in the order of a few centimeters. On the other hand, operating
a heterogeneously catalyzed reaction in flow mode is typically hindered by
operational issues, such as clogging, viscosity, pump capacity, and residence
times [16]. Therefore, intensive research has been carried out in the combination
of reactor design with catalyst immobilization techniques for flow processing,
allowing maximal interaction between reagents and a catalyst and avoiding the
very serious issue of pipe clogging, for example, in microreactors. In particular,
metal-catalyzed bond formation reactions have shown great strides in recent
research with enormous advantages for the academic and industrial environment
[78]. Microwave heating finds its particular competitiveness with conventional
techniques in transition metal-catalyzed product, providing added value by
reduced reaction times and product selectivity [79]. Currently, several tailor-built
microwave systems have solved a variety of safety and reproducibility concerns,
enabling promising efficiencies in terms of production scale. However, a signif-
icant step toward industrial plant scales remains an intensive topic of process
development for which the challenges are currently being dealt with [32].

6.3.1.1 Microwave Heating in Homogeneously Catalyzed Processes
Various pharmaceutically relevant reactions for scale-out purposes in a so-called
automated stop-flow microwave reactor have been reported by Moseley et al.
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[27] who described the Claisen rearrangement and benzofuran formation, the
Heck reaction (Scheme 6.13), hydrolysis of S-thiocarbamates, and the combined
hydrolysis and alkylation reaction. Productivities between 50 and 250 gday™
were reported at standard conditions, while at intensified operating conditions
productivities up to 1.5 kg day~! were achieved.

e} (6]
Br \)LO/ Stop-flow NN
Microwave
Pd (OAc), unit
(6] (6]

Scheme 6.13 The Heck reaction used in the stop-flow microwave reaction.

Jachuck et al. have developed an isothermal reactor where microwaves heat a
water stream indirectly connected to a reaction stream, leading to a heat-exchange
system [80]. This microwave flow reactor was used for the oxidation reaction of
benzyl alcohol by Fe(NO,), (Scheme 6.14), with a reported conversion of 75%
of the starting material to benzaldehyde within a residence time of 17s and a
microwave power of 40 W.

Microwave
OH Fe(NO3), . 9H,0O
©/\ (NOg)2 2 heat-exchange H
MW, 1 ml min system

Scheme 6.14 Microwave-assisted flow synthesis of benzaldehyde under isothermal
conditions.

Savin and coworkers reported a microwave continuous-flow system in the [3+2]
cycloaddition of dimethyl acetylenedicarboxylate with benzyl azide in toluene as
the reaction medium (Scheme 6.15) [81]. The authors initially optimized the reac-
tion conditions in batch mode, after which the optimal protocol was used in a
continuous-flow mode using a commercially available Kevlar-enforced Teflon coil
placed in a dedicated single-mode microwave flow reactor.

CO,Me N
NN
Ny Toluene N
* H MW, 110 °C, 10 min H
MeO,C
CO,Me CO,Me

Scheme 6.15 Cycloaddition reactions under continuous-flow and microwave conditions.
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6.3.1.2 Microwave Energy Efficiency and Uniformity in Catalyzed Flow Processes

One of the important aspects on which a new technology is generally evaluated
is the energy efficiency. Microwaves cannot escape from such an evaluation. An
important topic of discussion should, however, be the efficiency of microwaves in
terms of heating and not the efficiency of a magnetron in transforming the sup-
plied power into microwaves. This is because the application of microwaves in
chemical syntheses focuses mainly on the heat generated, either volumetrically
or locally, in a certain part of the system, for example, on the catalyst surface.
Additionally, it is of high importance that the efficiency evaluation should clearly
describe the details of the procedure. In their work, Patil et al. defined it as the ratio
of the amount of energy absorbed by the sample to the set point of the microwave
power input [82]. They proposed to take into account the global energy loss to the
surrounding, while calculating the enthalpy change of the sample. The aim was to
account for all the energy that has been transformed from microwaves into heat.
This study [82] also demonstrated that the natural choice of chemists to go for a
multimode-type microwave cavity for scale-up studies scored poorly not only on
energy efficiency but also on energy uniformity (Figure 6.3). On the other hand, a
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Figure 6.3 Microwave heating pattern in a multimode-type microwave cavity. Effect
of sample position (a) on heating rates (b) and heating efficiency (c). Reproduced from
Ref. [82].
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monomode-type cavity, although limited in terms of volume, gives not only higher
heating efficiency but also greater uniformity (Figure 6.4).

The efficiency of microwave heating, has also been raised as an important
issue for scale-up by several other research groups [83-85]. The efficiency of
microwave heating is better for the monomode-type microwaves than for the
conventional multimode-type, relatively large, microwave cavities. In the case of
monomode cavities under stop-flow conditions, the heating efficiency is highest
at the load diameter equal to and above the half wavelength of the electromagnetic
field in the liquid (Figure 6.5) [86]. On the other hand, under continuous-flow
conditions, the heating efficiency increases monotonously with the load diameter
(Figure 6.6).

For the case of monomode cavities, the high energy intensity of the focused
microwaves, however, appeared to be a difficulty for controlled operation, espe-
cially when a strong microwave absorbing component was present [2, 87]. Some
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Figure 6.4 Microwave heating pattern in a monomode-type microwave cavity. Effect of
sample position on heating rates and heating efficiency. Reproduced from Ref. [82].
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ter over half wavelength) in case of ethylene 100 W. Reproduced from Ref. [86].

of the proposed flow reactor systems suggested the use of a dead load to extract
the excess microwave energy so as to avoid runaways [88, 89]. A beneficial use of
the extracted excess energy has, however, not been discussed.

Accurate temperature measurements are crucial for a good control in a
microwave integrated reactor system. Several articles have described indi-
rect methods of temperature measurements, for example, infrared detectors
[83, 89, 90]. Such indirect methods resulted in measuring the temperatures
of the reactor wall instead of the reaction medium, which subsequently led
either to alleged microwave effects or to poor understanding of the temperature
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distribution. However, temperature measurements can be done more accurately
using a fiber-optic sensor [91, 92]. When inserted in the reaction mixture, these
sensors measure the temperature directly, are microwave transparent, and do not
disturb the microwave field [93].

Even after using fiber-optic sensors to measure temperature, Patil et al. found
a hot spot in a reactor-heat exchanger flow system [2]. Although experimentally
demonstrated, the selective nature of microwave heating and the interaction
of system components with the oscillating electric field of the microwaves
are, in most of the cases, not explicitly understood [18-20, 22, 94]. Most
reaction mixtures contain polar and nonpolar components, some of which
interact very strongly with microwaves while others are completely microwave
transparent. Additionally, many chemical reactors require some internals, for
example, mixers, distributors, measurement ports (i.e., temperature sensors),
for various functions during operation. In general, these internals influence the
mixing/velocity profiles in the (batch/continuous) reactors and, consequently,
can interfere in the microwave heating process. Therefore, in the early stage
of process design, understanding of the system interactions (in a geometrical
as well as in a fluid-dynamic sense) with microwaves and their influence on
the microwave heating process is necessary to allow a robust process control
and operation. Particularly, in the case of flow reactors, the velocity profiles
can strongly influence both processes, that is, heat transport and microwave
absorption/interaction.

The modeling efforts to understand the detailed mechanism of microwave-
assisted operation, in combination with convective heat transport, are largely
applied in the food and drying industry [95, 96]. In contrast, qualitative insight
into the mechanisms behind microwave heating in reactive systems is rather
limited [97-100]. Most of the efforts are used either to show the existence of a
hot spot or to provide design guidelines for microwave applicators. Datta et al.
have nicely demonstrated the possibility of combining the heat transfer and inter-
actions of the oscillating electric field with the applied load, which they broadly
referred to as microwave combination heating [101, 102]. They proposed an
iterative procedure to reach the steady-state solution. In this iterative procedure,
the temperature change simulated by heat transfer, which consequently changed
the dielectric properties of the load, was used to quantify interactions with the
applied microwave field.

Following this approach, Patil et al. demonstrated that the temperature increase
in the highly microwave-absorbing reaction mixture was two to four times higher
in the almost stagnant regions, for example, reactor walls, compared to the
bulk liquid (Figure 6.7) [103]. Additionally, the stagnant layer formation caused
by insertion of a fiber-optic probe from the inlet (i.e., from the direction of
the flow) resulted in higher temperatures (Figure 6.8). They established that
the temperature profile depends more on the reaction mixture velocity profile
than on the electric field intensity, especially in systems where the focused
microwave field is applied over a small tubular reactor. This study [103] also
showed that fully coupled simulation of microwave field and nonisothermal flow
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Figure 6.7 Influence of the direction of the probe insertion on the temperature profiles
obtained by modeling, (a) probe inserted from the outlet and (b) probe inserted from the
inlet. See Figure 6.1 for dimensions of the reactor assembly. Reproduced from Ref. [103].
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is feasible, and is highly recommended to understand the thermal performance
of microwave-heated flow reactors.

The topic of energy efficiency and uniformity of microwaves also raises the
discussion on economic viability of such systems on an industrial scale. Recently,
Benaskar et al. reported an extensive cost study that revealed the major cost
factors in the use of microwaves, microprocessing, or a combination of both [78].
The authors performed this technoeconomic analysis using two liquid-phase
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model reactions, namely the heterogeneously catalyzed Ullmann C-O cross-
coupling reaction (Scheme 6.16) and the homogeneous acid-catalyzed synthesis
of aspirin (Scheme 6.17).

Pre-treatment Core-reaction Post-treatment ~ Waste-treatment
X
X N AN
| HX K;CO; (aq.) | N
- Z O

N
Z (1 equiv.)  Cu, Sol* | A + Sol"KX
HO L BUOK KO +  Dimethylacetamide N__~
—_—
Tetrahydrofuran \O X=Cl,Brorl

Sol* = 18-crown-6

Scheme 6.16 Liquid-phase heterogeneously Cu-catalyzed Ullmann C-O cross-coupling
reaction.
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Scheme 6.17 Liquid-phase homogeneously acid-catalyzed synthesis of aspirin.

In their study, the authors compared the production of 4-phenoxypyridine (as
precursor of Vancomycin) with the synthesis of aspirin [78]. The operating costs
in the Ullmann synthesis were mainly related to upstream processing (reactant
excess, pretreatment, and catalyst synthesis). The costs of the synthesis of aspirin,
on the other hand, were mainly related to a downstream-based process (workup,
waste treatment). The impact of an integrated microwave heating and micropro-
cessing system on profitability was evaluated by comparing the operating costs
and chemical activity of the two processes at equal capital costs. Various existing
microwave technologies were compared with conventional pilot-scale heating
techniques, both in batch and continuous operations. This cost evaluation led
to the conclusion that in the case of the Ullmann synthesis, the CAPEX (capital
expenditure) was negligible compared to the OPEX (operational expenditure),
whereas the aspirin synthesis showed a significant CAPEX contribution of
about 40%. In the former case, the type of catalyst strongly determined the
cost-effectiveness of a continuously operated Ullmann process owing to the
critical chemical activity. In general, the energy contribution to the overall cost
was negligible, although a single-mode microwave system showed higher energy
efficiency. In terms of cost, the best-case scenario for a combined microwave
heating and microflow process was attained using a micropacked-bed reactor in
comparison to a wall-coated microreactor.
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6.3.2
Structured Catalyst in Microwave-Assisted Flow Processing for Organic Reactions

6.3.2.1 Thin-Film Flow Reactors for Organic Syntheses

Thin-film catalyst-coated capillary reactors have been reported for a variety of
cross-coupling and ring-closing metathesis reactions, utilizing metal catalysts
with microwave heating resulting in excellent conversions. The same setup was
used to conduct the catalyst-free Wittig reaction and some nucleophilic aromatic
substitution reactions. The Suzuki—Miyaura reaction showed significant yield
in the Pd-coated thin-film capillary reactor [18]. Comer and Organ developed
a capillary-based flow system to perform small-scale organic synthesis using
microwaves as the energy source that they optimized with regard to reaction
concentration and power input [18]. An efficient segmented system that included
injection, mixing, and reaction zones avoiding laminar flow constrains in
traditional microreactor systems was demonstrated.

Shore and Organ reported a microwave-assisted Pd-coated capillary reactor
that was used for the Diels— Alder cycloaddition of various reagents, who observed
a dramatic rate acceleration, and significantly shortened reaction times attributed
to both selective heating and catalytic activity of the metal film [104]. It was pos-
tulated that the observed high yield originated from the reduced residence time,
which avoided the formation of by-products (Scheme 6.18).

7 Pd-film
\" || —| Capillary |7 =

Microwave

Scheme 6.18 The Diels—Alder cycloaddition reaction used in Pd-coated MW capillary.

He et al. used microwave energy to provide heat locally to a heterogeneous Pd-
supported catalyst onto alumina situated inside a microreactor [20]. They used a
10-15nm gold film on the reactor wall surrounding the catalyst-bed to provide
heat to the Suzuki—Miyaura cross-coupling reaction, which occurred by highly
selective interaction with microwaves.

Benaskar and coworkers recently introduced a novel Cu/ZnO catalyst coated as
a thin film onto a tubular glass reactor [52]. After reactor surface treatment, ZnO
nanowires were grown onto the reactor glass surface by circulating an equimo-
lar aqueous solution of hexamethylenetetramine (HMTA) and Zn(NO,),, after
which it was followed by a drying step [52]. The synthesized copper nanopar-
ticles suspended in methanol were deposited by flowing the suspension in the
reactor, followed by drying and calcination at 350 °C (Scheme 6.19). The wall-
coated milli-reactor was applied in the Cu-catalyzed Ullmann-type C—O coupling
reaction of potassium phenolate and 4-chloropyridine toward the formation of
4-phenoxypyridine, which was shown to be highly effective at low Cu loadings
and microwave powers. The use of a wall-coated Cu/ZnO catalyst showed partic-
ularly high activity at low flow rate of reactants, as a result of higher contact time
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Scheme 6.19 Catalyst coating procedure for the wall-coated Cu/ZnO catalytic reactor used
in the Ullmann-type C-O coupling reaction toward 4-phenoxypyridine.

between the reactants and the catalyst surface. Catalyst deactivation in such a sys-
tem was mainly attributed to Cu oxidation and coke formation, which in either
cases resulted in leaching of the Cu catalyst at longer reaction times. Yields up
to 60% were reported using the Cu/ZnO wall-coated reactor for two consecutive
runs without there being any significant activity drop.

Utilization of metal coating for enhanced microwave absorption was also
demonstrated by some research groups [20, 94], who demonstrated that the
temperatures achievable are dependent on the microwave power, the flow rate,
and the magnitude of the dielectric loss (¢”’) at the microwave frequency. How-
ever, even for strong absorbing solvents such as N-Methylformamide (NMF),
the overall heating efficiency was very low, typically less than 1% for an 800 pm
diameter capillary. It was proposed that controlled heating of a reaction can
be achieved using selective microwave absorption by a gold film placed on the
external surface of a capillary reactor. Such a method showed at least a 10-fold
increase in efficiency, thus enabling a reduction in reaction time as well as
enhancements in product yields.

6.3.2.2 Structured Fixed-Bed Reactors for Flow Synthesis

Another example of combined flow reactors with microwave heating has been
reported by Benaskar et al. in a so-called p2-process, which was successfully
applied in the Ullmann-type C-O coupling of potassium phenolate and 4-
chloropyridine (Scheme 6.20) [14]. The authors demonstrated highly selective
microwave absorption in a micro-fixed-bed reactor (p-FBR) using a supported Cu
nanocatalyst, which resulted in a significant activity enhancement in comparison
to an oil-bath-heated process (Scheme 6.21). The demonstrated yields up to 80%
were reported using a multisegmented p-FBR without noticeable activity loss;
the p-FBR was packed with glass beads coated with Cu/TiO, and CuZn/TiO,
catalysts.
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Scheme 6.20 Cu-catalyzed Ullmann etherification of a 4-chloropyridine and potassium
phenolate flow in DMA to 4-phenoxypyridine.
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Scheme 6.21 Micro-fixed-bed reactor setup using in-line microwave and temperature
controlling applied in the Cu/TiO, catalzyed C-O coupling reaction.

In their study, Benaskar and coworkers reported an elegant way to measure and
control the reactor temperature along the axial direction of the p-FBR by using a
mobile fiber-optic probe along the catalyst-bed [14]. This system provided highly
accurate temperature control in an isothermal reactor at 20 W. To calibrate the
microwave power to the temperature-controlling probes, they first adjusted the
MW field density in the cavity with only a solvent flow, before conducting the
reaction mixture through the reactor. This calibration method enabled a highly
accurate microwave input, since the changing reaction mixture composition (and
therefore the dielectric properties) during the reaction was corrected for by adjust-
ment of the waveguide stub tuners. In a final step, heating and control of selective
microwave absorption by metallic Cu nanoparticles were investigated in a p-FBR
coated with Cu/TiO, and CuZn/TiO, for further fine-tuning of the microwave
energy input. The Cu and CuZn catalyst nanoparticles were synthesized follow-
ing a sol—gel deposition and impregnation method that yielded Cu loadings of
about 1 wt%. Adding Zn to the Cu nanoparticles demonstrated an increased cat-
alyst activity as a result of increased Cu® oxidation stability. They reported one of
the first examples to combine microprocess and single-mode microwave technol-
ogy in the concept of novel-process-windows for organic syntheses.

Other possible uses of fixed-bed reactor technology could also be to understand
the systems where the reaction media is highly polar and the catalyst itself is inert.
In this case, the use of microwaves would then be as a volumetric heating source.
One such example is the work of Patil et al. who used an integrated heat exchanger
reactor system to demonstrate efficient and controlled flow processing of highly
microwave absorbing reaction media [2]. Esterification of ethanol and acetic acid
was chosen as a model reaction (Scheme 6.22). Being a microwave transparent
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Scheme 6.22 Ester formation from acetic acid and ethanol.

solvent, toluene was used as the coolant. The authors established that integration
of generated (microwave) heat leads to good prediction of reactor lengths.

6.3.2.3 Scale-Up of Microwave-Assisted Flow Processes

The scale-up of microwave-assisted organic syntheses can be classified in terms of
the mode of operation, that is, (semi-)batch or continuous [12, 26, 27, 105-115].
In most cases, the choice is based on the benefits and limitations associated with
the respective mode of operation. Batch scale-up literature mostly reported scal-
ing small reaction volumes of 5 ml conducted in single-mode type of microwave
cavities to 1dm? multimode microwave ovens [94]. Most of the studies evalu-
ated the limitations related to the volumetric scale-up using standard microwave
reactors available commercially [110]. However, a few studies looked into the pos-
sibility of designing a microwave setup that satisfied the requirements of large
batch processes assuring homogeneous heating [105, 106, 109]. Similarly, stud-
ies on continuous operation evaluated the design of commercial continuous-flow
microwave reactors [12, 112, 113] and micro-reactors [26], together with process-
specific microwave-integrated reactor setups [114].

Realization of microwave-assisted continuous organic synthesis (MACOS) on
a commercial scale, however, requires a proper design of microwave-integrated
tubular reactors [2, 86]. Patil et al. presented the following important functionali-
ties that are a must in a microwave setup for development of microwave-integrated
reactor systems: (i) a predictable electric field pattern, (ii) a tunable cavity, (iii)
reflected power measurements, and (iv) unitized scale-up [103]. Considering the
importance of these functionalities, an alternative microwave setup has been
designed (Figure 6.9) [82]. This novel monomode microwave setup not only allows
for proper formulation of the complete energy balances on an individual cavity,
but also reduces the grid to applicator losses by utilizing only one magnetron
to supply the four individual cavities. The functionality for this numbering-up
approach for monomode microwave cavities was further demonstrated by
optimizing reactor performance at a cavity level and then scaling out by transient
operation through cavities in series [28].

The theoretically predicted number of cavities was validated by experiments
where the steady-state conversion and production rate were shown to increase
from the first cavity to the eighth cavity in series (Figure 6.10) [28]. This study
clearly established the feasibility of modular scale-up of production capacity in
flow reactors by implementing microwave cavities in series.

A similar numbering-up approach can also be applied to reactors. In their
work on MACOS, Organ et al. discussed the possibility of parallelization of
milli-reactor tubes [19, 22]. Although this work did not focus on scale-up, it
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microwave setup (with labeling of all the nals (green), liquids (blue), and movement of
parts) designed for continuous-flow fine- stub tuner, short circuit (gray). Design: TU/e;
chemicals synthesis and multiphase flow manufacturer: Fricke und Mallah GmbH, Ger-

handling. Red lines designate field pattern. many. Reproduced from Ref. [82].
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Figure 6.10 Experimental validation of the  reactor as a function of the number of cavi-
predicted conversion of acetic acid and the  ties in series. Symbols: experimental results,
production rate of the ethyl acetate for the lines: theoretical predictions. Reproduced
esterification reaction in the packed-bed from Ref. [28].

addressed the possibility of library (organic) synthesis in multiple parallel tubes.
Patil et al., on the other hand, explored parallelization as one of the ways to scale-
up MACOS [15]. The use of a multi-tubular milli-reactor/heat exchanger system
(MTMR) has been demonstrated to achieve a commercially viable capacity of
1kgday~! (Figure 6.11) [28]. The MTMR system was successfully tested for the
Cu-catalyzed production of 1,3-diphenyl-2-propynylpiperidine starting from
benzaldehyde, piperidine, and phenylacetylene (Scheme 6.23).
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Figure 6.11 Schematic of a multi-tubular milli-reactor/heat exchanger (MTMR) setup. (a)
Complete assembly. (b) Tube distribution. (c) Schematic of the MTMR assembly with coated
milli-reactor tubes in the microwave cavity. Reproduced from Ref. [28].
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Scheme 6.23 Multicomponent reaction of benzaldehyde, piperidine, and phenylacetylene
to produce 1,3-diphenyl-2-propynyl piperidine.

Cu thin films (350 + 40 nm) were deposited on the inner wall of the reactor tube
for uniform and efficient microwave absorption by all the tubes in the MTMR
assembly [28]. The temperature of the copper surface in the reactor tubes was
found to be at least 100 K higher than the bulk temperature of the reaction mix-
ture. However, the oxidation and leaching of the Cu coatings led to a decreased
activity during the course of operation (Figure 6.12). Cooling the outer surface of
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Figure 6.12 Weight-loss profile of Cu thin film over time (normalized with residence
time, 7) measured by Inductively Coupled Plasma (ICP) analysis. Reproduced from Ref. [28].
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the tubes by a counter-current flow of a microwave transparent coolant (toluene)
reduced the copper leaching, which was attributed to uncontrolled and excessive
heat build-up. The obtained throughput factor of 5.6 was, however, lower than
the expected factor of 6 as a result of the flow distribution. Although this work
provides an insight into the possibility of engineering the microwave-integrated
Cu-coated reactor systems and scale up by parallelization, it also brings forth the
challenge of copper being a highly oxidizing metal.

The above-discussed scale-up with each of the investigated numbering-up
approaches has proven successful. However, as an overall conclusion, it is
worthwhile noting that application of microwaves as a process intensification
tool, especially in the case of organic synthesis, is more attractive for liquid —solid
reactions, where the solid is the selectively (microwave) heated catalyst. Targeting
direct and selective heating of the catalytically active surface, that is, the locus
of the reaction, results in elevated reaction temperatures and, therefore, in high
reaction rates with limited bulk liquid heating.

6.4
Concluding Remarks

There is no doubt that Cu-catalysis has made great strides in recent years in both
catalyst development and application in organic syntheses. Supported and immo-
bilized nanocatalyst systems are currently under extensive development that could
provide special advantages for continuous-flow processes. Replacement of con-
ventional heating techniques with microwave heating adds a special value when
selective microwave absorption can preferably be done at catalytic sites, leaving
the remainder of the reaction mixture and the catalyst support unheated. As such,
direct heating “on-the-spot” is a highly efficient way of conducting chemistry for
selective chemical reactions.
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7
Pilot Plant for Continuous Flow Microwave-Assisted Chemical
Reactions

Mitsuhiro Matsuzawa and Shigenori Togashi

7.1
Introduction

Chemical reaction processes using microwaves have attracted attention. Numer-
ous effects caused by microwaves in organic synthesis have been reported [1-5],
for example, reductions in chemical reaction times from hours to minutes, reduc-
tions in side reactions, and improvements in selectivity. Chemical —synthetic pro-
cedures using microwaves are expected to conserve energy, decrease the burden
imposed on the environment, and simplify reaction processes.

Most chemical reactors that use microwaves are batch-type reactors. However,
one of the problems with these reactors is the difficulty in scaling them up from the
laboratory to the production scale, because the depth that microwaves penetrate
into absorbing materials is limited; for example, the penetration depth generally
used at 2.45GHz is in the order of a few centimeters, depending on the dielec-
tric properties of the absorbing materials. Consequently, when we try to scale
these batch types up, microwaves are only absorbed at the surface of the batch
reactors, and it is difficult to transmit microwaves inside them. In addition, the
mixing efficiency of reactant solutions decreases when the batch-type reactors are
scaled up.

A continuous flow process is expected to be used to solve the penetration depth
problem [6—8]. Namely, irradiating microwaves to a reactant solution flowing
through a reactor tube without increasing the size of the tube is expected to solve
the problem of the limited penetration depth of microwaves.

One example of the research on continuous flow processing using microwaves
is the study conducted by He et al. [9, 10] on Suzuki—Miyaura coupling reac-
tions using a microcapillary tube through which reactant solution flowed and was
irradiated by microwaves. They reported that they obtained a 70% yield of the
product in less than 60s. Organ et al. [11, 12] conducted microscale organic syn-
thesis using microwaves and reported that excellent conversion was observed in
a variety of cross-coupling and ring-closing metathesis reactions. However, the
microwave-assisted chemical reactors used in these studies were commercially
available ones that were not designed especially for continuous flow processing,
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so the energy absorption efficiency was not high, and the throughput was lim-
ited to laboratory scale, for example, the throughputs were about several dozen
mm? min~!.

Accordingly, we developed a continuous flow microwave-assisted chemical
reactor in which a reactant solution can absorb microwave energy efficiently,
and which can also be used in chemical processes using microreactors [13]. A
microreactor is a device that enables chemical reactions to be performed on a
microscale and has a feature to mix fluids rapidly [14—17].

Additionally, we developed a pilot plant for continuous flow microwave-assisted
chemical reactions using the concept of numbering-up, in which microwaves gen-
erated from a single microwave generator were divided into multiple reaction
fields, and a reactant solution can be irradiated simultaneously in each reaction
field by microwaves for increasing the throughput [18].

7.2
Continuous Flow Microwave-Assisted Chemical Reactor

7.2.1
Basic Structure

We developed a continuous flow microwave-assisted chemical reactor in which
a reactant solution flowing through the reactor tube is irradiated by microwaves
and can absorb microwaves efficiently. The reactor is expected to be able to solve
the problem of the limited penetration depth of microwaves since the reactor tube
is not large. Figure 7.1 outlines the basic structure of the apparatus. It consists of a
microwave generator that generates microwaves at 2.45 GHz (HPP121A-INV-02,
Hitachi Power Solutions Co., Ltd), a power monitor that measures the power of
incident and reflected waves, a three-stub tuner that matches impedance in the
apparatus, an applicator that the reactor tube penetrates vertically. It is possible
to control the impedance in the apparatus by controlling the insertion length of
the stub tuners and the position of the short-circuit plane. Therefore, it is possible
to optimize the efficiency of microwave energy absorbed by the reactant solution
in the reactor tube. Since the amount of microwave energy absorbed by a heated
material is proportional to the square of electric intensity, the reactor tube needs to
be placed in the area where the electric intensity is strong in order for the reactant
solution to absorb microwaves efficiently. In this study, electromagnetic simula-
tion was used to design the shape and location of the reactor tube. MicroStripes™
(CST) was the electromagnetic simulator used. In this apparatus, incident waves
from the microwave generator and reflected waves that are reflected at the short-
circuit plane encounter interference and standing waves are formed. Accordingly,
it was necessary to set the reactor tube in the area where the electric intensity was
strong for the standing waves. Table 7.1 lists the dielectric properties used in the
simulation.
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| 1026 mm |

Control
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Figure 7.1 Basic structure of the continuous flow microwave-assisted chemical reactor.

Table 7.1 Dielectric properties used in simulation.

Material e/ (relative ¢/’ (relative dielectric
permittivity) loss factor)
Reactant solution Water 77 11
Reactor tube Quartz 2.9 5.2x1073
Applicator, tuner Aluminum — —

Figure 7.2 shows the electric field intensity distribution in the apparatus when
water flowed through a reactor tube that had an inner diameter of 3.0 mm, an
outer diameter of 5.0 mm, and a coil diameter of 20.0 mm. The reactor tube was
fabricated from quartz. Figure 7.2 shows (a) the electric field intensity distribu-
tion when the stub tuners were adjusted and (b) the distribution without the stub
tuners. Itis clear from the figures that the reactor tube was placed in an area where
the electric field intensity was strong. Here, the energy absorption efficiency is
defined as the ratio of the absorbed energy by the water to the output energy
from the microwave generator. In this case, the energy absorption efficiency by

143



144

7 Pilot Plant for Continuous Flow Microwave-Assisted Chemical Reactions
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Figure 7.2 Electric field intensity distribution in the apparatus (a) with adjusting by stub
tuner and (b) without stub tuner.

the water was about 95% when the stub tuners were adjusted in the simulation,
whereas it was about 63% when the stub tuners were not used.

The energy absorption efficiency in the developed apparatus was examined by
conducting water heating tests. The energy absorption efficiency was calculated
from the difference in temperature of the water, AT, between the inlet and outlet

80 \
\ ® Measurements 23 W

\ O Measurements 100 W

70 -
60 -
50
40 -
30

20 /1 3

10~ 80% of 23W

80% of 100 W~ =~~~

Difference in temperature AT (K)

-
~—=
—_———

0 1 1 1 1

0 10 20 30 40 50
Flow rate (cm3 min~")

Figure 7.3 Result of water heating test when microwaves at 23 and 100 W were irradiated.
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as shown in Figure 7.1. The difference in temperature AT was measured when
water flowed at 5—40 cm® min~! and was microwave-irradiated at 23 and 100 W.
Figure 7.3 plots the results. The solid lines indicate the results of simulation, and
the symbols indicate the measurements. The broken lines indicate the line corre-
sponding to 80% of 23 and 100 W, respectively. The simulation corresponded to
the measurement within 9%, and the energy absorption efficiency was above 80%
at the least.

7.3
Pilot Plant

7.3.1
Design of Waveguide

A pilot plant for continuous flow microwave-assisted chemical reactions com-
bined with microreactors using the concept of numbering-up was developed, in
which microwaves generated from a single microwave generator were divided into
multiple reaction fields, and a reactant solution was simultaneously irradiated in
the respective reaction fields by microwaves. The configuration of the waveguide
needed to be designed so that it would be able to heat the reactant solutions effi-
ciently in the multiple reaction fields using a single microwave generator. Accord-
ingly, a branch waveguide was designed by using electromagnetic simulation in
this study.

A configuration of the branch waveguide was investigated in which incident
waves were divided into two directions uniformly and without losing energy. As
a result of our investigation, we found that a waveguide with a 45° inclined plane,
as shown in Figure 7.4, could transmit microwaves efficiently. In this waveguide,

POUt

N>

Outlet
Pout

Outlet

Figure 7.4 Configuration of the two-branch waveguide used in this study.
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Figure 7.5 Calculation results of reflection coefficient when the length of C was changed.

the incident waves are halved along the X-axis and the divided waves transmit to
each outlet. We optimized the length of C as shown in Figure 7.4 by using elec-
tromagnetic simulation. Figure 7.5 plots the calculation results of the reflection
coefficient when the length of C was changed. The reflection coefficient describes
the intensity of a reflected wave relative to an incident wave, and the transmission
efficiency increases when the reflection coefficient decreases. The results show
that the reflection coefficient was smallest when the length of C was 64 mm. The
transmission efficiency was above 99% due to the simulation when the length of
C was 64 mm.

Also investigated was a four-branch waveguide configuration that was based
on the above two-branch waveguide design. This configuration was designed
to increase throughput by heating the reactant solution in four reaction fields

éOutIet Qutlet % é Outlet Outlet é

Two-branch Two-branch
waveguide waveguide

Two-branch waveguide
é Inlet

Figure 7.6 Schematic of the four-branch waveguide.
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0 0.5 1.0

Relative electric field intensity ()

Figure 7.7 Electric field intensity distribution in the four-branch waveguide.

simultaneously. Figure 7.6 outlines the schematic of the four-branch waveguide. It
consists of three two-branch waveguides. Two of the two-branch waveguides are
connected to an outlet of each branch of the first waveguide. Figure 7.7 shows the
relative electric field intensity distribution in the four-branch waveguide using
the two-branch waveguides designed earlier. This figure shows that microwaves
transmitted to the outlets of the waveguides efficiently when the designed
two-branch waveguides were used. The results of calculating the transmission
efficiency indicated that the transmission efficiency was 99% when the designed
two-branch waveguides were used.

Based on the four-branch waveguide, we developed a microwave apparatus by
which the reactant solutions could be heated simultaneously by microwaves in
four reaction fields using a single microwave generator. Figure 7.8 shows the con-
figuration of the microwave apparatus. It consists of a single microwave generator
that generates microwaves at 2.45 GHz, the designed two-branch waveguides, iso-
lators that absorb only reflected waves, stub tuners that control the impedance in
the waveguides, and applicators. The reflected waves generated from one reac-
tion field may influence reactions occurring in other reaction fields if the reflected
waves diffract to other reaction fields. The isolators set in the respective reac-
tion fields can absorb the reflected waves, so this apparatus can suppress diffrac-

tion of the reflected waves generated from one reaction filed to other reaction
fields.

7.3.2
Configuration of Pilot Plant

Based on the microwave apparatus described in Section 7.3.1, we developed a pilot
plant for continuous flow microwave-assisted chemical reactions combined with
microreactors. Figure 7.9 outlines an overview of the plant. It consists of a flow
control unit, the microwave apparatus, four microreactors, a control system, and
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Figure 7.8 Configuration of the microwave apparatus.

amonitoring system. Figure 7.10 illustrates a block diagram of the pilot plant. Two
reagents flow into the microreactors and are mixed there; then they flow into the
reactor tube in the applicator of the microwave apparatus, and the reactant solu-
tions are microwave-irradiated and heated. The flow control unit consists of two
nonpulsatile pumps. Pressure sensors were set in the upstream of the microreac-
tors, and fiber optic probes for measuring temperatures were set at the inlets and
outlets of the reactor tubes in the applicator. Flow sensors were positioned at the
downstream of the reactor tubes. These components make it possible to monitor
the temperatures, pressures, and flow rates during reactions.

733
Water Heating Test

Water heating tests were conducted to evaluate the temperature control ability
of the pilot plant. Water flowed at 10 cm® min~! in the respective reaction fields;
microwaves at 168 W were irradiated (i.e., microwaves at 42 W were irradiated in
each of the respective reaction fields); and the reactant solution temperatures of
the inlets and outlets of the respective reactor tubes were measured by the fiber
optic probes.
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Figure 7.11 Result of water heating tests.

The results are plotted in Figure 7.11. The temperatures of the outlets were
controlled within +1.1 K at 353.2 K. Additionally, Figure 7.12 plots the results of
the energy absorption efficiency, which were about 90% in the respective reac-
tion fields, whereas the energy absorption efficiency was about 40% when 100 cm?
of water was heated by a commercially available multimode microwave chemical
reactor. The evaluation test demonstrated that the reactant solution was able to
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Figure 7.12 Energy absorption efficiency by water in the four reaction fields.

absorb microwaves efficiently, and the pilot plant was able to control the reactant
solution temperatures uniformly as designed by the simulation.

734
Sonogashira Coupling Reaction

The Sonogashira coupling reaction [19, 20] was also conducted to evaluate the
developed pilot plant. Reaction (7.1) shows the reaction formula. Two reactant
solutions were prepared. One consisted of 0.20 moll~! of 1-iodo-4-nitrobenzene
and 0.80 mol 17! of triethylamine and N,N-dimethylacetamide (DMA) as a sol-
vent. The other consisted of 1.0 mol% of Pd(PPh;)Cl, as a catalyst and 0.40 mol 17!
of phenylacetylene and DMA as a solvent.

[ Z  Pd (PPhy),Cly: 1 mol%
: e (=L
Triethylamine, DMA
O.N

Microwave

(7.1)

Figure 7.13 illustrates the experimental apparatus and condition for the
microwave heating method using the pilot plant. The two reactant solutions were
mixed in a T-shaped mixer of 0.5 mm in inner diameter, and the temperature of
the mixed solution at the outlet of the reactor tube, which was filled with activated
alumina, was controlled at 373K by adjusting the microwave output power of
the microwave generator. The reactor tube was fabricated from quartz. The inner
diameter was 10 mm, and the outer diameter was 12 mm. For comparison, we
also conducted experiments by using the oil-bath heating method as shown
in Figure 7.14, which is a conventional heating method. We conducted the
experiments by immersing a stainless tube of 1.0 mm in inner diameter in an
oil-bath at 373 K.

Figure 7.15 shows the experimental results. The reaction conducted by
microwave heating was accelerated, and the reaction time, which was equal to
the residence time in this study, was reduced by approximately half of that by
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Figure 7.13 Experimental apparatus and condition for the Sonogashira coupling reaction
by microwave heating method using the pilot plant.
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Figure 7.14 Experimental apparatus and condition for the Sonogashira coupling reaction
by oil-bath heating method.
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Figure 7.15 Relation between yield and residence time in the Sonogashira coupling reac-
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Figure 7.16 Yields obtained by microwave heating method in the four reaction fields.

oil-bath heating. It is believed that the reaction was accelerated due to the high
temperature of the catalyst close to the activated alumina, which was heated by
microwaves locally and selectively. The yield arrived at 100% when the reaction
time was 90 s in microwave heating.

Figure 7.16 shows each yield obtained in the four reaction fields when the
reaction time was 60s. The yields in the four fields were within +4.5% at 75.5%
when the reaction time was 60s, and we confirmed that the reaction progressed
almost uniformly in the four fields. Additionally, each yield in the four fields was
100% when the reaction time was 90s. The flow rate in each field was equal to
4.8 cm® min~! when the reaction time was 90s, and it corresponded to 5.8 t year™!
of throughput when the operating time per year of the pilot plant is assumed
to be 5000h. It was demonstrated that throughput was able to be increased
without deteriorating the quality of the products by heating the reactant solution
simultaneously in multiple reaction fields with this method.

7.4
Conclusions

A pilot plant for continuous flow microwave-assisted chemical reactions com-
bined with microreactors was developed, and water heating tests were conducted
to evaluate the developed plant. We first designed a reactor by using an electro-
magnetic simulation and found that the energy absorption efficiency of the water
was more than 80% at the least by conducting a water heating test. Addition-
ally, we developed a microwave apparatus having a single microwave generator
that can heat reactant solutions in four reaction fields simultaneously in order to
increase throughput. We also designed a four-branch waveguide using an electro-
magnetic simulation and found that the transmission efficiency was 99%. Finally,
we developed the pilot plant by using the microwave apparatus and conducted
water heating tests. We found that the parallel flows were uniformly controlled
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within +5%, and the temperatures were controlled within +1.1 K at 353.2 K. More-
over, we found that the energy absorption efficiency was about 90% in the respec-
tive reaction fields, whereas the energy absorption efficiency was about 40% when
100 cm? of water was heated by a commercially available multimode microwave
chemical reactor. We also conducted the Sonogashira coupling reaction by using
the developed pilot plant, and the reaction progressed almost uniformly in the four
reaction fields. The yield was 100% when the reaction time was 90's. The flow rate
in each reaction field was equal to 4.8 cm® min~! when the reaction time was 90s,
and it corresponded to 5.8 tyear~! of throughput when the yearly operating time
of the pilot plant was assumed to be 5000 h. It was demonstrated that throughput
was able to be increased without deteriorating the quality of the products by heat-
ing the reactant solution simultaneously in multiple reaction fields in this study.
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Efficient Catalysis by Combining Microwaves with Other
Enabling Technologies

Giancarlo Cravotto, Laura Rinaldi, and Diego Carnaroglio

8.1
Introduction

Scientific and technological progress now occurs at the interface between two
and more scientific domains, and chemistry overlaps almost all fields. In spite of
chemistry’s multidisciplinary interactions, chemists are often extremely conser-
vative when designing experimental protocols. Meanwhile, chemical laboratories
and industries are heavily involved in the development of mild, simple, environ-
mental friendly, and inexpensive catalytic processes that respect the principles of
green chemistry of process intensification and competitive production require-
ments [1]. The result is a huge gap between classic production processes and new
green protocols, which are based on integrated technologies, higher efficiency,
and sustainability [2].

Microwaves (MWs), ultrasound (US), and other enabling technologies play a
pivotal role in catalysis [3], both in catalyst preparation and in efficiently promot-
ing almost all organic reactions [4]. Numerous examples of catalytic conversion
and environmentally friendly applications, which make use of hyphenated and
tandem techniques, are described in the current literature [5].

Complimentary and synergistic effects have been described when MW are
combined with other enabling technologies such as US, hydrodynamic cavi-
tation (HC), high-shear mixers, UV rays, plasma, microfluidic reactors, and
mechanochemistry. Although sequential treatments can be more easily applied,
hybrid reactors for simultaneous irradiation and flowing multiunit systems
have become more prominent as a means to optimize mass/heat transfer in
heterogeneous and homogeneous catalyses [6].

Power US is one of the most common techniques in green and applied chem-
istry. The formation of bubbles is promoted by the transfer of acoustic waves in
the liquid media while their consequent collapse is accompanied by shock waves
and shear forces, which contribute to mixing and particle fragmentation when
solids are present. Several mechanical actions account for enhanced mass and
energy transfer and result in significant effects on mixing, rapid emulsification,
polymer scission, and even supramolecular organization [7], inducing faster and
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Figure 8.1 Phenomena related to acoustic cavitation. Reproduced with permission from
Ref. [9]. © 2012 David Fernandez Rivas, Enschede, The Netherlands.

more selective chemical transformations [8]. Figure 8.1 summarizes the multiple
phenomena that occur under acoustic cavitation [10].

Of particular importance are the incorporation of combined MW and US
technologies into flow systems and the emerging field of microfluidics, that is,
microreactors for chemical reactions, which are considerably enhanced under
the effects of these energy sources, notably in terms of mass transfer, rapid
heating, and the prevention of clogging. Though little US horns equipped with
thin tips have been coupled with microreactors, the most suitable approach is
the sonication via transducers equipped with metallic plates that act on a wide
surface (Figure 8.2).

Photocatalysis with visible light and ultraviolet (UV) irradiation can boast of a
long history in chemical synthesis and in the degradation of light-sensitive pol-
lutants. The energy involved in the UV part of the electromagnetic spectrum is
able to break or reorganize most covalent bonds. The resulting excited states are
rich in energy and antibonding orbitals are occupied, suitable conditions for reac-
tions that are highly endothermic in the ground state. Photochemical reactions
can include singlet and triplet states while thermal reactions usually only show
singlet states. For this reason, some intermediates are not accessible via thermal
treatment in photochemical reactions.

Micro- or meso-channel flow reactor Reacting mixture

/
e N R
-
US plate

Transducer

Figure 8.2 Hybrid metallic microreactor tightly fixed with an ultrasonic plate.



8.2 Catalysis with Hyphenated and Tandem Techniques

In recent years, chemists have paid increased attention to mechanochemistry
mainly as a means to carry out solvent-free reactions. The name mechanochem-
istry refers to reactions performed using mechanical energy. The narrower field of
reactions generated by friction during the milling of solid reagents is known as tri-
bochemistry [9]. The occurrence of these reactions has been ascribed to the heat
generated in the milling process and the large area of contact between the solids.
At the end of nineteenth century, however, it was noticed that mechanochemi-
cal processes were different from thermal processes [11]. Mechanical defects act
as high-energy structures and the role they play in chemical transformations was
recognized later. The grinding of two solid substances leads to a complex series of
physical and chemical transformations. Once the edges reach the point of colli-
sion, the solids deform and even melt, generating hot points where the molecules
can reach very high vibrational excitation states leading to bond breakage. The
use of a mortar and pestle is the simplest way to carry out mechanochemical reac-
tions in the laboratory. When higher energy is required, ball mills and vibrators are
employed. Prolonged high-energy milling as in mechanical alloying or hard crys-
talline solid amorphization can benefit from the use of very high-energy vibrators
such as high-speed attritors or stainless steel ball mills of high impact [12].

8.2
Catalysis with Hyphenated and Tandem Techniques

Nonconventional enabling technologies such as MW, US, and HC aid process
intensification, entail safer protocols, and result in cost reductions and energy sav-
ings [13]. The combination of MW and other enabling techniques gives remark-
able improvements in terms of mass transfer in heterogeneous catalysis and the
preparation of the supported catalyst itself [14].

Sonochemistry has a longer history than other techniques and has found a
growing number of relevant applications in the last two decades. While popular
wisdom simply associates MW with superior heating and US with efficient
agitation, these techniques are capable of doing so much more and this potential
provides additional impulse to their expansion in catalysis [15]. Cavitational
reactors (US and HC) and MW heating can be coupled in numerous ways to best
exploit the hot spots generated at a molecular level by both energy sources.

Sequential and simultaneous irradiation with these sources entailed technical
and safety considerations in pioneering works over the last decade; their coupling
has been performed efficiently at the laboratory and pilot-scale levels [16]. MW
and US can be used in simultaneous and sequential modes (Figure 8.3), which
either involve the use of loop reactors, with two separate compartments, or two-
step treatments (pre-sonication and MW -assisted reaction) [17].

All this commercially available equipment has been used in organic synthesis
with a focus on metal-assisted catalytic reactions [18].

Mechanochemical protocols, including mechanical milling and alloying, have
been developed for the preparation of a wide selection of nanomaterials. Ball mills
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Figure 8.3 Loop MW/US reactor for simultaneous and sequential irradiation. 1, US non-
metallic horn; 2, MW oven; 3, optical fiber thermometer; 4, pump; 5, flow meter; 6, ther-
mometer; 7, inlet and sampler; 8, heat exchanger; and 9, external flask.

have been found to efficiently favor the synthesis of nanostructures, thanks to the
processes of welding, particle deformation, and fracture generated by repeated
ball—powder collisions. The combination of multiple collisions and high temper-
atures is perfect for creating fine nanoparticles/nanopowders of various materials,
including a varied range of metallic substrates. Ball-milled materials have shown
enhanced effects in particular when used in sequence with MW. In fact, recent
years have seen the coupling of ball mill pretreatment and MW synthesis ever
more used as a means to discover sustainable and alternative pathways for the
preparation of efficient catalysts. Moreover, the ball mill metal-loaded catalysts
usually require less metal for high activities. This characteristic is probably due
to the increase in surface area and more intimate mixing generated by ball mill
grinding.

MW and UV -vis irradiation are part of the electromagnetic spectrum and
involve different energies and frequencies. The energy of MW is only able to
promote molecular rotation and is not able to disrupt the bonds of common
organic molecules, while UV holds higher energy than MW irradiation. Essen-
tially, photoionization is responsible for chemical change, and MW radiation
subsequently affects the course of the subsequent reaction. Direct and indirect
effects are present in catalytic MW/UV processes. MW can interact with the
catalyst, thus activating it, and UV can have a direct effect on the formation
of new bonds in the course chemical reactions, dramatically enhancing the
reaction rate and selectivity. MW-assisted photochemistry is frequently, but
not necessarily, connected with the electrodeless discharge lamp (EDL), which
generates UV radiation when placed in the MW field. EDL [19] consists of a glass
tube filled with an inert gas and an excitable substance and is sealed under a
lower pressure noble gas. MW can trigger gas discharge and cause the emission
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Figure 8.4 MW/UV combined technology with
EDL lamps. Reproduced with permission from
Ref. [22].

of electromagnetic radiation [20]. The use of MW as the energy source for
electrodeless lamps was remarkably discovered by Tesla [21] in the 1890s. Only
in recent years have microwave discharge electrodeless lamps (MDELs) started
to find practical applications, thanks to their miniaturization as well as the lower
costs of magnetrons and semiconductors [22].

The EDL lamp can be introduced into the MW cavity or directly into the reac-
tion mixture and give simultaneous sample MW/UYV irradiation. High temper-
atures and pressure photochemistry applications can be performed with good
photochemical efficiency (as the EDL is “inside” the sample). The simplicity of the
experimental arrangement and low cost of the EDL lamp make the MW/UV com-
bined technology an efficient solution for stubborn reactions. Moreover, different
EDL materials may modify its spectral output (Figure 8.4).

The use of hyphenated and tandem techniques has become popular in catalysis
as it satisfies the ultimate goal of ever more selective and efficient processes, in
terms of product yields and energy savings, while still meeting other green criteria,
such as safety and null toxicity.

8.3
Microwave and Mechanochemical Activation

Although the simultaneous use of MW and ball mills is hindered by technical
problems, caused by incompatible reactor materials, sequences of grinding plus
dielectric heating are well documented, mainly in the preparation of catalysts.
Lorenson et al. [23] showed that a decrease in particle size results in greater
polarizability, higher dielectric constant, and thus higher MW penetration
depth. In addition, ball mill treated samples usually display better disposition
for further treatment. Li et al. [24] have studied the synthesis of perovskite
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Figure 8.5 SEM images of Ta,O5; powder, ball milled for (a) 0h, (b) 6 h, (c) 8h, and (d) 12h.
Reproduced with permission from Ref. [25].

NaTaO, nanocrystals with Ta,O; and NaOH, as starting materials, using a
microwave-assisted hydrothermal (MHT) technique. They showed that, when
ball-milled Ta,O; was used as a starting material, the reaction occurred along a
different reaction pathway with a lower thermodynamic energy barrier. Ball mill
particles displayed smaller size (see Figure 8.5) and high surface area, making
them easier to dissolve in alkaline solutions at certain hydrothermal temperatures
and changing the common reaction pathway. NaTaO; photocatalysts obtained
via the sequential use of a ball mill and MW show higher overall activity in water
splitting under UV irradiation.

In general, ball milling catalyst preparation is advantageous because of the
higher activity it provides, in particular in MW-assisted catalysis. In 2011, Luque
et al. [25] proposed the first one-step mechanochemical synthesis of highly active
low-loaded iron nanoparticles supported on mesoporous aluminosilicates. The
catalyst was tested in the oxidation of benzyl alcohol and alkylation of toluene
with benzyl alcohol under MW irradiation.
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Figure 8.6 TEM micrographs of iron oxide nanoparticles on mesoporous aluminosilicates
synthesized via a dry-milling protocol. Reproduced with permission from Ref. [25].

Despite the extremely low iron loading, the activity of the mechanochemically
prepared catalyst was comparable to the MW prepared catalyst, but gave superior
turnover frequency (TOF) values. The mechanochemical treatment allowed for
the formation of highly dispersed and accessible iron oxide NPs on the edges of
the support (Figure 8.6), granting surprising good catalyzing properties [26].

The same authors developed a wide range of supported metal nanoparticles
on mesoporous aluminosilicates synthesized via ball mill protocols [27]. These
catalysts have been proven to be highly active and selective in MW-assisted
reactions of phenylacetylene and different phenols under mild reaction condi-
tions. The outstanding value of the catalysts is increased as it is possible to reuse
them at least three times while maintaining almost 90% of their initial activity
(Scheme 8.1).

OH OH O

=

Xy, Fe 0.5%/AISBA N

+ | —_— | +

// Solvent //
R MW, 120 °C R

10-60 min Main product

Scheme 8.1 MW-assisted preparation of 1,1-diarylsubstituted alkenes.
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Nowadays, environmentally harmless energy carriers such as hydrogen play a
crucial role for a renewable energy-based future [28]. The MW -assisted dehydro-
genation of some metal hydrides (LiH, NaH, MgH,, CaH,, and TiH,) and alkali
borohydrides (LiBH,, NaBH,, and KBH,) have been studied for hydrogen storage
applications [29]. Ball mills have been introduced in order to add an appropri-
ate catalyst into the system and improve kinetics and decomposition temperature.
Dobbins et al. [30] have studied the effect of MW irradiation on the reversible des-
orption reaction in NaAlH, doped with 2 mol% TiCl, as catalyst and preactivated
by high-energy ball milling. These promising results have recently prompted Awad
et al. [31] to use the ball mill technique to mix carbon materials with magnesium
and prevent the magnesium particles from sticking. Carbon materials acted as
catalysts and improved hydrogen absorption/desorption and also worked as MW
receptors. Since ball milling produced cracks in the fibers gave an intimate mix-
ture of C/MgH, and introduced defects, the synthesized materials show enhanced
surface properties and improved sorption kinetics [32]. Consequently, these mate-
rials presented some interesting features that may see them used as promising
hydrogen storage systems.

8.4
Microwave and UV Irradiation

Over the last decade, synergistic MW and UV light have been used for the
photocatalytic degradation of organic pollutants. Many studies have set up
MW /UV-assisted protocols as convenient alternatives for treating/remediating
environmental pollutants and provide improvements in terms of high degradation
levels, short reaction times, and costs [33].

Titanium dioxide (TiO,) is the most frequently studied stable semiconductor
to be used as a photocatalyst and has already been used in photo-assisted treat-
ments for commercial air pollution applications [34]. The method was found not
to be suitable for large-scale wastewater treatment because of the poor degra-
dation observed. Surprisingly, MW/UV coupling by MDELs gave better results.
Many papers showed the use of MW-activated EDL treatments for the decom-
position of different kinds of wastewater pollutants. Table 8.1 summarizes the
performance of the MW/UV method in the presence of TiO, in the degradation
treatments.

Horikoshi and coworkers [59] have published one of the most meaningful
studies in this field: the efficiency of MW-TiO, photo-assisted reactions was
improved by the selective MW absorption. Only when the aqueous TiO, disper-
sion was exposed to simultaneous MW and UV light irradiation, the degradation
of the dye was fast and significant. The same group have set up an integrated
MW /photoreactor system for wastewaters in order to better understand the
degradation pathway and the nonthermal MW effect [60] (see Chapter 19).

These authors demonstrated that the MW’s influence on the degradation pro-
cess was due to the MW’s peculiar ability to modify the hydrophilic/hydrophobic
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characteristics of the TiO, particle surface, which changes the manner in which
the target molecules were adsorbed onto the surface. Evidence of the efficient rho-
damine B degradation was clear, thanks to solution color intensity after different
treatments. This hybrid technique may play an important physical catalyst role in
advanced oxidation technologies (AOTs).

8.5
Microwave and Ultrasound

The combined use of MW and US as efficient hybrid technologies was first
employed in the mid-1990s [61]. The main fields of application are biodiesel
production, biowaste valorization, preparation of nanomaterials, and organic
synthesis.

Biodiesel can be produced from a variety of feedstock that contains triglyc-
erides via a well-known process that usually involves alkaline-catalyzed transes-
terification with methanol [62]. In 2010, Lin et al. [63] used sequential US and
MW and achieved very high conversion rates, namely 97.7%, after 1 min soni-
cation and 2 min MW irradiation in a closed vessel (NaOH 1.0 wt%, 60°C, 6:1
methanol/oil molar ratio) [64]. Biodiesel synthesis from nonedible oils and waste
cooking oils has been carried out using sequential MW —US treatments [65]. The
synergistic interaction between the physical effects of US microemulsification,
acoustic streaming, and rapid MW heating afforded a significant degree of pro-
cess intensification. Gnaneswar Gude et al. have recently proposed a novel appli-
cation for simultaneous MW/US irradiation in the transesterification of waste
vegetable oil. Two different catalysts were tested under the same conditions: 6: 1
ratio MeOH/oil, 60°C, MW (100 W), and US (100 W) for only 2 min reaction
time. A 98% yield was obtained in homogeneous catalysis conditions using NaOH
0.75wt% [66], whereas the yield was slightly lower (96%) in the heterogeneous
phase when barium oxide 0.75 wt% was used [67]. Moreover, this technique usu-
ally provides reduced biodiesel synthesis operating costs and overall favorable
€Cconomics.

Biomass is a valuable feedstock material for industry. An interesting study has
presented the catalytic conversion of starch-based industrial waste into sugars
using a simultaneous MW/US-assisted procedure [68]. The three raw materials
(potato starch and wet/dry potato sludge) were irradiated for 2h at 60°C in
H,S0, 3 or 13 mol1"!. Depolymerization was attributed to a thermally controlled
process since it gave the highest total reduced sugars value, whereas US irradiation
displayed poor results. A fascinating feature of combined MW/US irradiation, by
means of a Pyrex horn inserted into a multimode MW oven from the top, was
the process ability to selectively furnish glucose. A synergistic effect on depoly-
merization rate was detected and let to a higher yield and a shorter reaction
time.

Great interest has recently been shown in ecocompatible micro- or nano-
material synthesis. The use of nontoxic chemicals, environmental friendly
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solvents, and renewable resources are meaningful points that merit important
consideration in green synthetic strategy [69]. The last 10 years has seen several
papers tackle these issues using a US/MW system [70]. The two main features of
the sequential and simultaneous MW/US techniques are the possibility to achieve
geometry control and increase the photocatalytic activity of the synthesized
nanoparticle. In some cases, US/MW-assisted synthesis has replaced conven-
tional heating methods and has afforded energy savings and shorter reaction
times. For example, StWO,:Ln*" (Eu®*, Tb**, Sm3*, and Dy**) phosphors have
been successfully synthesized via US/MW treatments at very low temperatures
(70°C) in only 45 min, avoiding the high temperatures and long reaction times
typically used in conventional heating methods, such as sintering (above 500 °C
for more than 4 h) and hydrothermal protocols (above 100 °C overnight) [71]. In
addition, the photocatalytic performance and emission properties of MW/US
synthesized particles were improved as compared to their traditionally prepared
analogs. These enhanced characteristics have been shown in many studies for
different catalyst nanoparticle types such as V,05/MgF,:Eu*" [72], monoclinic
BiVO, [73], ZnO [74], and silver vanadates [75]. In 2014, Su et al. [76] reported an
interesting example of controlled individual CuO nanosheet and nanosheet-built
dendrite synthesis. MW hydrothermal treatment contributed to the disassembly
of sheet-built CuO dendrites for the formation of discrete CuO nanosheets.
Such a disassembly process was, however, inhibited by US heat pretreatment
(Figure 8.7).

MW/US had already been proposed for the preparation of porous square-
brick-like CuO nanostructures via a CuC,0O, intermediate by Zhu et al. [77]. The
authors underlined how significant US processing’s role was on the formation of
the square-brick-like morphology.

2+
2% n © Precipitation
—
o ) 2+
2+ 52
CuSOy4

Microwave hydrothermal
(No disassembly)

Figure 8.7 Schematic illustration of CuO nanosheets and dendrites prepared using MW
hydrothermal synthesis. Reproduced with permission from Ref. [76].
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The combined use of MW and US has also been used in several C—C coupling
(Suzuki, Heck reaction) and click chemistry (CuAAC, Cu-catalyzed azide-alkyne
cycloaddition) reactions. A representative example of sequential irradiation has
been proposed in which biaryls in aqueous media were obtained from a flow reac-
tor that was thermostated at 45 °C, under combined US (20.5kHz, 40 W cm™2)
and MW (700 W) irradiation and using 10% Pd/C as catalyst. The Pd-catalyzed
homo- and cross-couplings of boronic acids and aryl halides provide the desired
product after only 60 min irradiation [78]. The use of simultaneous MW/US in a
Heck reaction afforded the product in high yields and very low ligandless catalyst
loads [3] (Scheme 8.2).

Pd catalyst
very low load Q \
DMA, choa/ TBAB O OCH,
MW or MW/US

OCH,4 irradiation

Scheme 8.2 Heck reactions under MW or MW/US irradiation.

The combined MW/US system was once again successfully employed in
CuAAC, which made possible the use of metallic copper powder as the catalyst
instead of copper salts. US irradiation has also been applied to activating copper
metal surfaces [79]. This synthetic protocol was also used to functionalize more
complex molecules, such as cyclodextrins, without losing efficiency, giving high
yields (>80%) in much shorter times than under conventional heating [80].

8.6
Conclusions

Complimentary and synergistic effects obtained from the combination of MW
and other enabling technologies such as US, UV rays, and mechanochemistry have
been described in this chapter. The combination of these technologies has helped
scientists to find answers to new synthetic challenges and favored the development
of readily available efficient catalysts. The design of new catalytic and stoichiomet-
ric strategies in synthesis will also benefit from green and mild technologies which
are capable of increasing yields and catalytic turnovers, as well as potentially mod-
ifying the reactivity of substrates and the role of solvents.
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Applications of Microwave Chemistry in Various Catalyzed
Organic Reactions

Rick Arneil Desabille Arancon, Antonio Angel Romero, and Rafael Luque

9.1
Introduction

Microwave chemistry is an emerging field of science mainly dealing with the
diverse applications of microwave energy to chemical processes. Recent publica-
tions in the field have revealed that microwave energy can significantly increase
the rate of product formation of a chemical reaction under specific conditions.
The improved heating rate of microwave-assisted reactions results in higher
product yield, greater catalyst turnover, milder reaction conditions, and faster
reaction times. The behavior of chemical species under microwave conditions
cannot be explained solely by rapid heating of the system, it is believed that
the “microwave effect” is a synergistic effect of both thermal and nonthermal
effects [1].

Microwave reactors, as well as commercial microwaves ovens, operate within
~2.4GHz. At this frequency, some microwave energy absorbed by the species
present in a sample can be dissipated as heat (dielectric loss, Figure 9.1) which,
in turn, causes the energy transmission among molecules [2]. As opposed to the
convection phenomenon observed in conventional heating, this energy transmis-
sion is therefore dependent on factors such as polarizability and electrical con-
ductivity. Because of these, microwave-assisted reactions are mostly performed
in the presence of ionic/polar solvents to facilitate the energy transfer [3]. And
since the effectivity of microwave energy to cause rapid heating is dependent on
specific compound properties, reactions can therefore be made selective and per-
formed under high pressures without damaging the microwave-transparent reac-
tion vessel. Table 9.1 shows the differences between microwave and conventional
heating.

Many researchers argue that the improved yield and turnover obtained with
microwave-assisted reactions is a combination of both thermal and nonthermal
effects. Recent studies, however, show that there could be no known nonthermal
microwave effect that produces the desired results [4]. In elegant studies con-
ducted by Kappe et al. [5], it was found that the significant rate enhancements
in microwave-assisted reactions are only attributed to the selective heating of
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© 2016 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2016 by Wiley-VCH Verlag GmbH & Co. KGaA.

173



174 | 9 Applications of Microwave Chemistry in Various Catalyzed Organic Reactions

T
o ( !
¢ \
Figure 9.1 The introduction of microwaves to a sample causes increased vibrations among

the molecules, which in turn leads to improved heat transfer. Image reproduced from Ref.
[2] with permission.

Table 9.1 The differences between the properties of microwave heating
and conventional heating.

Microwave heating Conventional heating
Energetic coupling Conduction/convection
Coupling at the molecular level Superficial heating
Rapid Slow

Volumetric Superficial

Selective Nonselective
Dependent on the properties of the material Less dependent

Reproduced from Ref. [1] with permission.

RCO,H, 1.5 equiv. )j\
/O/\CI Cs,C0;3, 2.0 equiv. /O/\o R
NMP, microwave o
® o ® o

Figure 9.2 Reaction scheme used to compare microwave heating from conventional heat-
ing (Biginelli reaction).

the solvent, and not on specific nonthermal effects (Figure 9.2). To arrive at this
conclusion, carboxylation of several chloromethylated polymeric resins were
studied under microwave and under conventional heating using the same
temperature (80°C) and other reaction parameters. Obtaining a similar kinetic
profile in both with almost no differences, it is apparent that the enhancement of
rate for the microwave-assisted reaction is caused solely by a more rapid heating
of the system. The main critical factor affecting this is the dielectric loss of the
solvent — its ability to convert microwave energy into heat.

In spite of the current debate about the existence of microwave nonthermal
effects in assisted reactions, the technique has become a widely applied method in
the syntheses and transformations of different organic compounds. In this chapter,
we aim to provide a survey of microwave-assisted organic reactions performed in
both organic and aqueous solvents.
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Table 9.2 List of solvents commonly used for microwave
and their corresponding dielectric constants [7, 8].

Solvent tané
Ethylene glycol 1.350
Ethanol 0.941
DMSO 0.825
Methanol 0.659
1,2-Dichlorobenzene 0.280
Acetic acid 0.174
DME 0.161
1,2-Dichloroethane 0.127
Water 0.123
Chloroform 0.091
Acetonitrile 0.062
Acetone 0.054
Tetrahydrofuran 0.047
Dichloromethane 0.042
Toluene 0.040
Hexane 0.020
9.1.1

Homogeneous Catalysis

Traditionally, most organic reactions are performed using a homoge-
neous/heterogeneous catalyst for a few hours. The convenience of microwave
irradiation has allowed these types of syntheses to be performed in only a
few minutes. As previously discussed, because microwave heating is greatly
dependent on polarity, organic reactions can also be controlled by carefully
selecting the dielectric properties of solvents and other reaction contents. Apart
from this, the ability of microwaves to increase the solubility of organic reactants
to aqueous media [6] has provided chemists with the opportunity to produce
methods solely based on water as a solvent. Water itself is an excellent solvent for
organic reactions because it can easily be separated from the organic products,
and it can easily be purified and recycled. Although water has a not so high
tangent loss (Table 9.2), it is essential to use a more benign solvent such as water
to avoid more dangerous organic ones.

9.2
Microwave-Assisted Reactions in Organic Solvents

One of the most practical reasons for employing microwave irradiation in an
organic reaction is to vastly accelerate the process from hours to only within
minutes. This ability of microwave-assisted processes has given chemists more
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efficiency in studying less kinetically favored reactions. An example is the
gold(I)-catalyzed intramolecular hydroamination reaction reported by Liu et al.
[9]. In this work, the reaction was run under normal heating and microwave. For
both setups, the conditions involved the use of the (PR3)AuOTf complex and
toluene solvent (Figure 9.3). Comparing microwave-assisted and direct heating,
improvement of the reaction is very noticeable with respect to both time and

Condition A

O\/\/ Condition B o m
N-TS Condition A-80 °C, 12 h, 99% yield N
H Condition B—43 W, 20 min, 86% yield ll's
(0]
O\\S//O Condition C \S/{
“NH, Condition D o NH

Condition C — 100 °C, 12 h, 99% vyield
Condition D — 40 W, 10 min, 100% yield

Figure 9.3 The gold-catalyzed cyclization of various aromatic compounds comparing direct
heating and microwave irradiation.

Br
+
O
RoN OH o)
o}
Z=BI’;Y=HOFZ=H;Y=BI’
Regioisomeric bromorhodamines
(a)
Br
i. Heat
+ — >
/©\ ii. Oxidize
RoN OH CHO

Regioisomerically pure
bromorhodamines

(b)

Figure 9.4 The use of microwave in the synthesis of bromorhodamines was made
regiospecific by employing microwave irradiation.
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yield. When direct heating was used, almost quantitative yield was obtained after
12 h of reaction time (at 100 °C); but this was cut to only 10 min (at 140 °C) using
microwave (Conditions C and D).

As previously mentioned, employing microwave to an organic reaction could
also improve the selectivity of a reaction to a specific product. Such ability of
microwave radiation is excellently illustrated by the work of Burgess et al. [10] in
which they were able to synthesize specific bromorhodamine regioisomers using
the technique.

As seen in Figure 9.4, by changing the starting bromobenzene substrate, a spe-
cific regioisomer was obtained; and by employing microwave, the reaction time
and yield of the product in Figure 9.4b was drastically improved (Table 9.3).

Table 9.3 Isolated yields of the dyes under microwave and direct heating (dyes drawn
below).

Dye Microwave Thermal
Temperature (°C), time (min) Yield (%) Temperature (°C), time (min) Yield (%)
1 150, 20 27 160, 24 8
90, 30 41 160, 22 12
3 90, 30 38 90, 18 35
150, 10 73
4 150, 10 53 160, 24 5

Thermal conditions performed with 60% H,SO,. After microwave, 2 equiv. of chloranil was added
to the mixture to ensure complete oxidation and then the products were isolated via flash
chromatography.

Br

1R =H; 2R = Me
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The high-throughput turnover of microwave-assisted organic synthesis
(MAOS) had also advanced the area of drug discovery in many ways [11]. For
one, the very short reaction times of MAOS have allowed the synthesis of many
potential drugs and treatments with very small half-life such as isotope-labeled
compounds. Also, the high rate and selectivity of MAOS opened the door
for the rapid synthesis of drug candidates cutting the synthesis time to more
than 50%. Case in point is the work of Besson et al. [12] about the synthesis of
thiazolo[5,4-f]quinazolines. As seen in Figure 9.5, the reactions were performed
using the same steps, but the reaction times to produce a good yield were reduced
from hours to only within minutes [12].

Similarly, drug precursors such as flavones and chromones have also been syn-
thesized using microwaves (Figure 9.6). In the work of Kabalka and Mereddy [13],
these polyketide natural products are in very high yields for only 5 min as com-
pared to 2—6 h of synthesis reported with direct heating [14].

Further highlighting the effect of microwave on natural product synthesis and
drug discovery, the technique has also been used for the one-pot synthesis of
more complex heterocycles [15]. One example is the three-component synthesis
of dihydroazolopyrimidines, which are known cardiovascular vasodilators, and
calcium and potassium-channel inhibitors. In the work of Kappe et al. [15],

NC NO, OFt OEt
Ns—s NaH-EtOH _ N\ NO2 sncl,-EtOH N\ NH,
N Reflux | 200 |
ﬁ NC)\N NG
640 min 60 min
(80 min in microwave) (10 min in microwave)
37% (61%) 72% (94%)
Cl Cl
OEt
Br ord W\ OEt g
Bro—AcOH NH, NG Cl
D —— N X S N \ N\
_° .
rt, 4h NCJl\N/ CsH:N Jl\ P 37 \<N
rt, 4h NC N \S/
CN
OEt S/\<N 0 S/\\N
SO o NONTNC o
Reflux
NG~ N7 k\N
90 min 60 m_in
(20 min in microwave) (10 min in microwave)
50% (53%) 49% (50%)

Figure 9.5 Synthesis of thiazol[5,4-flquinazoline (numbers in parentheses indicate the time
and yield for microwave-assisted reactions).
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0O o o]
X X
R CuCl,
EtOH, MW
R; OH 5 min R} 0" R
Ro Ro

X =Br, Cl, CH;, OH; R = Ar, CH3, CF3
R, = CHg, OH; R, = OH

Figure 9.6 Synthesis of flavones and chromones.

Ry

.. N~N N
o~y M e s =X L)
/ R a N H

N—NH + 1 + 0 EtOH,MW,120°C‘ ~N N

Rs”\s/</ )\ Path B 'RSJS N)\N | H
H

Figure 9.7 Synthesis of 7-aryl-2-alkylthio-4,7-dihydro-1,2,4-triazolo[1,5-alpyrimidine-6-
carboxamide using microwave irradiation.

7-aryl-2-alkylthio-4,7-dihydro-1,2,4-triazolo[1,5-a] pyrimidine-6-carboxamide
systems were synthesized by the condensation of 3-amino-1,2,4-triazol-5-thione
derivatives with aromatic aldehydes and acetoacetamides under microwave
conditions. These compounds are very closely related to the mentioned drugs
with biological activities and they have functional groups that can be readily
modified for diversity (Figure 9.7). In this work, the selectivity of microwave
irradiation is also exemplified when the reactions with microwave were compared
to directly heated reactions. The time needed for microwave irradiation was set at
5 min, while the reflux under conventional heating only lasted for 10 min. There
may not be large differences in yield, but the purity of the obtained crystals were
higher for microwave assisted than conventionally heated.

9.3
Microwave-Assisted Reactions in Water-Coupling Reactions

So far, the reactions mentioned in the discussion have been MAOS in organic
media. However, it is widely known within the scientific community that
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microwave technology has also opened the avenue for aqueous reactions. Among
the many studied reactions, the most notable results obtained so far have been
for coupling reactions. The application of microwave to coupling has been so
diverse that not only this group moved from organic solvents to aqueous, it
is also heading toward being metal free. As will be discussed in this section,
the development of aqueous homogeneous organic reactions (with respect to
coupling) is due to the ability of microwave energy to increase the solubility
of organic compounds in water [16, 17]. Also, the very rapid heating under
microwave could very well account for some reports on transition-metal- free
coupling.

9.3.1
The Heck Reactions

The Heck reaction is one of the most widely studied coupling system in organic
chemistry today. This very versatile organic transformation was first reported in
the 1970s by scientists Mizoroki and Heck [18, 19]. The reaction involves the direct
coupling of 2sp? carbons involving aryl and/or vinyl halides (Figure 9.8) [20]. Tra-
ditionally, this coupling is carried out under Pd(0), usually generated from a pal-
ladium complex, and base, and usually runs for 4—24-h depending on the starting
substrate.

Regeneration
Oxidative
Base.HX o
ddit
Base R1 X aaaition
PdL
H 2
| R,
L—Pd—L
L—pPd—L
Beta-hydride )|( bd
elimination X R»

Ry

|
\/\R R, /t\l_
R
L—Pd—L L_,l:d_ (
| |

5 \T )
L

Migratory
insertion

Figure 9.8 Heck reaction scheme and catalytic cycle.
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The scope of the reaction has also been widely studied. Generally, the reac-
tion favors the use of more activated aryl halides because of the reactants’ greater
ability to oxidatively add to the metal. Also, the rate of the first step of the cat-
alytic could also be dependent on the leaving ability of the halide. The reactiv-
ity of the aryl halide for oxidative addition to the Pd complex follows the order:
Ar—Cl < Ar-Br <« Ar-1. Because of this, many reported classical Heck coupling
reactions are centered on the use of iodobenzene. Although this is more favorable
kinetically, Ar—Cl and Ar—Br are more abundant and cheaper than Ar—1I, making
the method more valuable. Therefore, one of the challenges of the field today is
the development of novel protocols for Heck reactions that do not just depend on
iodine [21].

The development of aqueous Heck reactions started as early as 1991 in the sem-
inal reports of Kiji et al. [22]. In this work, they probed for possible conditions
that could lead to the development of an aqueous coupling reaction. For this pur-
pose, they explored three possible conditions: (1) using water-soluble haloarene
and catalyst, (2) using a water-soluble haloarene and an insoluble catalyst, and (3)
using a water-soluble catalyst and insoluble haloarene. For all three conditions,
bromobenzoic acid and gaseous ethylene were tested. For the first conditions, cat-
alyst deactivation by coordination and subsequent precipitation were observed.
Also, the very low solubility of ethylene in an aqueous media did not favor the
reaction, while increasing the pressure of the system allowed for the formation of
ethylene—Pd(II) complex that forms a black precipitate. The same low solubility
was observed for condition 2. For the third condition however, by substituting the
bromobenzoic acid with iodophenol and using a triethylamine — water system and
NaHCO,, 50.1% of the coupling product was obtained. This early work highlighted
the possibility of replacing organic solvent with water for coupling. In 1994, the
yield of aqueous coupling was reported to be up to 98% when water—acetonitrile
was used as a system with an added organic salt [23]. The following year, Heck
coupling was reported to have been carried out using superheated water [24, 25]
(Figure 9.9).

To highlight the necessity of developing aqueous-based microwave protocols
for organic synthesis, Najera et al. [26] reported the synthesis of methylated
resveratrol analogs in both organic solvents and water under microwave. Methy-
lated resveratrol analogs are important molecules in the pharmaceutical industry
because they are usually precursors of common chemotherapeutic agents. In
this work, the biologically active molecules were synthesized from disubstituted
haloarenes and aromatic styrenes in the presence of either (dicyclohexyl)amine,
triethylamine, or potassium carbonate as base in water. As seen in Figure 9.10,
99% yield was obtained with route B using microwave power, while as much
as 96% was obtained when the Pd was decreased (route C). Interestingly, only
2% yield was reported for the compound when normal heating was used in the
reaction. Comparatively, excellent yields were also reported when Pd homoge-
neous catalysts were immobilized in a solid support such as a glass vessel [27].
By attaching a newly developed benzothiole-oxime Pd precatalyst to a Raschip
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X
PdCI,L
/©/ +  HyC==CH;, 22 > X
NaHCO; or Et3N

Ri Aqueous media Rq

Haloarene Catalyst Phase Base Yield
Br
©/ Pd(OAc), H,O EtsN 7.6%
COOH
Br
©/ Pd(OAc), H,O/THF EtsN 34%
COOH
Br
©/ PdCl, H,O/THF EtsN 82.0%
COOH

Figure 9.9 Reaction scheme for early reports of coupling reactions performed in water.

| MeQ
MeO + /©/\ Q
—_—
MeO \ O OMe
OMe MeO
Route A (2% yield)
Route B (99% yield)
Route C (96% yield)

Route A — Pd (OAc), (0.5 mol% Pd); 14 h reaction time
4:1 DMA/H,0, Cy,NMe, TBAB, 120 °C bath temp.

Route B — Palladacycle (0.5 mol% Pd); 10 min reaction time
4:1 DMA/H,0, Cy,NMe, TBAB, 120 °C microwave temp.

Route C — Palladacycle (0.011 mol% Pd); 13 h reaction time
4:1 DMA/H,0, Cy,NMe, TBAB, 120 °C bath temp.

Figure 9.10 Microwave-mediated synthesis of resveratrol using Heck coupling reaction.
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Figure 9.11 lllustration for the immobilization of benzothiazolate-oxime Pd catalyst for the
microwave-mediated Heck coupling.

ring-shaped glass/polymer composite, up to 98% of Heck coupling yield was
obtained (Figure 9.11).

The move to use water for coupling has progressed significantly through the
years, parallel to the development of microwave chemistry. Currently, Heck reac-
tions have moved toward the development of metal-free protocols. Leadbeater
et al. 28] in 2004 reported Heck coupling reaction between 4-bromoanisole and
styrene in the presence of very low Pd-concentrations (500 ppb), water, transfer
agent TBAB, and K,CO, (Figure 9.10). Interestingly for this protocol, good yields
were observed when the reaction mixtures were not mixed during microwave
exposure. It is believed that in the absence of mechanical stirring, the water dis-
solves the base and the coupling reaction happens within the organic—aqueous
interface. The same group of Leadbeater also reported the possibility of using
an automated process for microwave-assisted reactions [29]. Using an automated
stop-flow voyager microwave apparatus, Heck reactions were successfully scaled
from 1 to 10 mmol (with styrene and p-bromoanisole as substrates), therefore pro-
viding proof of concept of an industrial scaleup (Figure 9.12).

The development of Heck coupling has also been extended in the use of aryl
boronic acids instead of haloarenes [30]. Arylboronic acids are commonly used
for Suzuki-type couplings, but Heck reactions can also be performed using this
substrate in an oxidative manner (Figures 9.13 and 9.14). Performed under air and
ambient temperature, the coupling reaction was smooth and efficient with hours
of reaction times reduced to only within minutes using the microwave.

Aside from the development of the Heck coupling in water, other possible green
solvents are also explored to expand the scope of the synthesis. Ionic liquids are
ionic organic compounds that have very low vapor pressure at ambient tempera-
tures. Because of their property as high-boiling point organic compounds, they
have become attractive solvents in many synthetic protocols [31-33]. Although
relatively expensive than water, ILs provide ease of separation and more increased
efficiency in catalysis, with some scientists believing that the organic portion of
these molecules also act as catalytic ligands [34]. In the work of Larhed et al. [35],
the ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate (bmimPF)
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Figure 9.12 Heck coupling reaction with ultralow Pd as reported by Leadbeater et al. [28].

B(OH),  Pd(OAc), . _CO,Bu
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CO,Bu
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Figure 9.13 Heck coupling of arylboronic acid and an electron-poor olefin.

were used to carry out the Heck coupling between p-bromoanisole and olefin
butyl acetate in the presence of Pd and Et;N as base. Distillation was used to
purify the ionic liquids after the reactions, which led up to five times recyclability
(20 min reactions) at 180 °C (Figure 9.15).

Similar reports on IL were presented by Pan et al. [36] using the ionic liquid 1-
octanyl-3-methylimidazolium tetrafluoroborate ((OMIm]BF4) also in the absence
of phosphine ligands, obtaining yields up to 86% for only 2 min (Figure 9.16).

The developments mentioned herein for Heck reactions highlight the real
industrial value of this organic transformation in industries. Because of its
application in the facile synthesis of many drug precursors, it is of importance to
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Pd(OAc), Ar __~
_—
/\COZBU + AB(OH) dmphen \/\COZBU
Entry  Boronic acid Product T(CC) t Yield (%)
B(OH), COzBu

24 h 84
100 10 min 86

B(OH), x_-CO,Bu

/©/ 18 h 49

n-Bu 100 10 min 68
: B(OH), ~_-CO-Bu

rt 18 h 97
100 10 min 94

Figure 9.14 Suzuki coupling reactions comparing those put only in room temperature
from those subjected under microwave.

O
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Figure 9.15 IL and microwave assisted of functionalized aryl compounds in the presence
of Pd and base Et;N.

COOBuU Pd/C MwI COOBuU
r (n- Bu) N N N
[OMIm] BF, R _
| R Pd/C, MWI xR
+ m (n-Bu)z N
[OMIm] BF,

Figure 9.16 IL and microwave-assisted coupling reactions between a halobenzene and an
alkene.
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develop cleaner methodologies with the Heck coupling. On a similar note, other
coupling reactions, such as the widely popular Suzuki coupling, have been tested
for aqueous conditions under microwave.

9.3.2
The Suzuki Reaction

The microwave-assisted conditions for Suzuki reactions are almost always similar
to that of Heck, except for the substrates. In a typical Suzuki coupling, haloarenes
and arylboronic acids are used in the presence of homogeneous Pd. The Suzuki
coupling is considered to be one of the most important C—C forming reactions
in organic chemistry today, most especially in the synthesis of biaryl compounds
(Figure 9.17).

Within the late 1990s, after reports of microwave-mediated coupling reactions
in aqueous medium, many other protocols started appearing. One of the early
researches on this field is that of Schotten et al. [37] where they performed
ligandless Suzuki coupling reactions of polyethylene glycol (PEG) ester of
bromo-, iodo-, and triflate-para-substituted benzoates and arylboronic acids in
both conventional heating and microwave. The conventionally heated samples
were without an organic cosolvent up to 70°C for 2 h, while the reactions with
microwave irradiation were ran at 75 W and 2—4 min. Interestingly, as illustrated
in this study, polymer structures can be preserved with microwave as opposed
to direct heating. A polymer cleavage of up to 45% was observed for the directly
heated samples (Figure 9.18).

The microwave-assisted Suzuki coupling reaction had also been shown to be
effective in the synthesis of thiophene oligomers [38]. Thiophenes are attractive

\\ C Pd(0) O/Br

cis Reductive Oxidative addition
elimination (inversion for benzyl

and aryl halides)
)
Br—Pd
Slow transmetallation

EtO~

/\/B(OR)2 . /\/B’(OEt)(OR)Z

Figure 9.17 Proposed catalytic cycle for the Suzuki coupling between a bromobenzene
and an alkeneboronic acid.
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Figure 9.18 Direct coupling between a boronic acid and a PEG-functionalized benzene tri-
flate in the presence of Pd catalyst.

Br/@\ (HO)ZB/Q >

s / \ S
\ /¥ \J
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, s \ /
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Figure 9.19 Solvent-free microwave-assisted synthesis of 2,5’ : 2/,5"-terthiophene 3.

molecules because they have multifunctional properties fit for organic electronics
and semiconducting applications. In optimizing the properties of a thiophene, the
polymerization (commonly uses Stille or Suzuki coupling) should be regioselec-
tive. Every thiophene monomer may also be functionalized in some other parts to
produce a more specific oligomer (Figure 9.19).

It was found that in order to favor oligomer 3 (Figure 9.19), the complex
PdCl,(dppf) with KF base should be used. In this case, apart from oligomer 3,
oligomers 4 and 5 were also obtained but in smaller ratios (3:4:5 is 73:1:22).
Extending this to the synthesis of longer thiophene oligomers such as Terthio-
phene (3), Quaterthiophene (7), and Quinquethiophene (12), it was found that
purification time of the products becomes much easier if the synthesis of these
long chains were performed in a stepwise manner as opposed to building big
molecules at once. Oligomer 7 was obtained in this study after 4 min of microwave
exposure at 80 °C (with halide 6 and boronic derivative 2a at 5mol% of catalyst
and 5-10 equiv. of KF and 0.2 ml of KOH) (Figure 9.20).

Early reports of metal-free Suzuki coupling were reported by Leadbeater et al.
[39] and claimed that they were metal free. After reassessment, it was found that
these microwave-assisted coupling was catalyzed by very low concentrations of
Pd, up to 50 ppb, present in trace amounts in the sodium carbonate used [39].
The coupling of 4-bromoacetophenone with phenylacetylene was studied under
different conditions in the presence of a transfer agent, base, and microwave. This
study has also shown that Heck-type coupling reactions of aryl halides and alkynes
are possible (Figure 9.21) [40].
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Figure 9.20 Using microwave for the synthesis of polythiophenes could lead to a myriad
of possible products with different electronic properties.
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Figure 9.21 Synthetic scheme for the coupling between a bromobenzene and an aromatic
alkyne using microwave and water without any metal.
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Cl B(OH),
Na,CO3, TBAB, H,0O

Entry Temp Simultaneous Product  Material recovered (mmol)

(°C) cooling (mmol) 4-Chlorotoluene Total
1 120 No 0.40 0.23 0.63
2 100 No 0.19 0.19 0.38
3 135 No 0.56 0.08 0.64
4 150 No 0.61 0.10 0.71
5 120 Yes 075 0.07 0.82
6 100 Yes 0.40 0.12 0.52
7 135 Yes 0.71 0.10 0.81
8 150 Yes 0.56 0.19 0.75

Figure 9.22 Simultaneously cooling the products of a coupling reaction directly from the
microwave reactor could lead to improved product ratios.

As with the case for Heck reactions, organic bases have also been tested for the
microwave-promoted Suzuki coupling of various substrates [41]. It was found
that using 1,8-diazabicycloundec-7-ene (DBU) or 1,1,3,3-tetramethylguanidine
could increase the coupling product yield up to 99%. Although there is always
an issue with solubility in aqueous medium, the yield is possibly increased
mainly due to the selective heating of microwave. Also, when the use of amine
bases for coupling was extended to couplings in larger scale, similar yields were
obtained. One way to also increase the yield of an aqueous microwave assisted
is to perform simultaneous cooling [42]. When cooling was performed simulta-
neously, as seen in Figure 9.22, higher product to reactant ratio was recovered
that is mainly attributed to the increased lifetime of aryl halides in the reaction
mixture.

One interesting way to address the need for downstream separation of cou-
pling products is on the use of perfluorooctylsulfonates instead of aryl halides
[43]. In the work of Nagashima et al. [43], perfluorooctylsulfonates were synthe-
sized from phenol via base hydrolysis and attached to the perfluorooctane sur-
face of fluorous solid-phase extraction (F-SPE). In this way, when the surface was
exposed to the arylboronic acid and microwave for coupling (and with an appro-
priate elutant), the product simply washes out of the column. Another possibility
is to attach the homogeneous catalyst to a solid support. In the work of Lee et al.
[44], chitosan-supported Pd(0) was prepared by the adsorption of Pd(II) and then
by the subsequent reduction process. In the presence of TBAB as the transfer
agent, the catalyst was used for the Suzuki coupling of aryl halides and boronic
acids (Figure 9.23).

The development of microwave-assisted coupling has progressed so much in the
past years that many reports of transition-metal-free coupling have appeared in
scientific literature [45—47]. Although the experiments involved here are elegant,
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Figure 9.23 Fluorous synthesis of biaryls using microwave.

one cannot completely be sure that a microwave-assisted coupling is completely
metal free because, as shown previously, even very small concentrations of the
metal can catalyze the entire process.

9.4
Conclusions and Prospects

This contribution has been aimed to discuss a number of different examples of
homogeneous-catalyzed reactions under microwave. The effect of microwave to
reaction systems can be attributed to its ability to induce more molecular vibra-
tion, and thus rapid heating, being able to reduce reaction times from hours to only
within minutes. Because of this, microwave-assisted reactions are also selective
and can heat only specific components of a mixture, and leaving others untouched.
Most of the homogeneous-catalyzed systems reported are that of coupling pro-
cesses. We have also discussed here two of the most popular coupling reactions
and several microwave-assisted protocols, including those performed in water. In
all of these reports, the primary motivations of using both water and microwave
are to increase the turnover of the reaction and make separation much easier
(which is also considered green). The increased solubility of organic reactants in
water under microwave is very advantageous, since they can easily then be sep-
arated under normal conditions. Other ways of increasing separation efficiency
have been reported. As we have previously pointed out, in many ways, MAOS had
provided a different dimension to organic synthesis by providing avenues for faster
reaction and better yields. For drug discovery, this technology is very important
because it will also lead to increased efficiency of synthesis and biological testing,
thus possibly greatly reducing the time necessary for drug development.
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10
Microwave-Assisted Solid Acid Catalysis
Hyejin Cho, Christian Schdfer, and Béla Térék

10.1
Introduction

As a result of the ever strengthening environmental regulations, solid acids are
becoming the acid catalysts of choice to replace the corrosive and harmful tra-
ditional mineral acids for organic synthesis. While a broad range of materials
fulfill the role of a solid acid, these catalysts possess either Bregnsted or Lewis
acidic sites and often possess both. Heterogeneous Brensted acids include acidic
ion-exchange resins (e.g., Nafion-H, Amberlyst, Dowex, Deloxane), heteropoly
acids (HPAs) and their derivatives (e.g., Hy5Cs, s[PW;,0,4]). Solid Lewis acids
include metal chlorides (e.g., ZnCl,, AICl,), triflates, metal oxides, and their sul-
fated derivatives (e.g., sulfated zirconia). Catalysts with mixed Brensted and Lewis
acid centers, including clays and zeolites, form the most common group. Due to
the focus of the present work, catalytic aspects such as catalyst preparation and
characterization or surface science tools will not be discussed. The application of
solid acids has been frequently reviewed, including several accounts with a focus
on microwave-assisted solid acid catalysis [1]. There are several excellent reviews
on related topics where further details can be obtained [2]. With the develop-
ment of reliable and accurate laboratory microwave reactors, the application of
microwave-assisted organic synthesis (MAQOS) in solid acid-catalyzed reactions
became widespread. As these solid acids possess significant polar character, they
commonly are strong microwave absorbers [3]. Thus, when such solids are applied
as catalyst, the catalytic material also heats up very quickly in addition to the reac-
tants providing energy for the surface reactions. Based on the goal of this work,
the emphasis will be on more recent applications, for more information on older
processes the reader should consult the large set of available accounts [4, 5].

10.2
Microwave-Assisted Clay Catalysis

Clays are aluminosilicates of layered structures that provide opportunity to
broad applications. While natural clays are usually weak acids (—H,~ 3) and
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not particularly active in acid catalysis, several semisynthetic clay products are
excellent solid acids (—H, =~ 8). The overwhelming majority of the applications
describes the use of such materials [6]. Microwave-assisted clay catalysis was first
reported by Varma [7] and became a useful approach for the synthesis of a broad
range of products.

The most common use of such catalysts is in the synthesis of heterocyclic
compounds. Several five-membered N-heterocycles, including the line of pyrrole-
to-indole-to-carbazole, were synthesized by K-10 montmorillonite-catalyzed ring
closure and subsequent electrophilic annelations. The method provided good
to excellent yields and remarkably works with a wide variety of NH,-containing
units including amines or sulfonamides (Scheme 10.1) [8].

R'-NH, /Q\ 91-98%
— ! Ar-NH, B
—_— N

R1
OMe A
r
K-10 Pyrroles N\ 75-98% 5 K-10 85%—92%
O MW, 90 °C N MW, 100 °C
R2 OMe ArSO,NH, (/ \5

N
|
R4 — SO
| | S~ 2
| Indoles N/ 86-96% Ar
N 83-95%

R3
R' = alkyl, aryI R?=H, Me, Bu, Ph, Bn;
R3=H, Me; R*=H, Me, COOEt, OMe, Cl, Br, |

Scheme 10.1

Similar cyclizations were applied for the synthesis of pyrimidine-indoles and
carbazoles [9]. While the conventionally heated reaction required over 24h for
completion, the microwave-assisted reactions resulted in ~75% yield for the prod-
ucts after only 1 h irradiation (Scheme 10.2).

NHR Eto,cHN__NHR H NHR
NANHCOQEt \\(
o O O
MW, 80 °C MW, 80 °C
1h, H 1h
CH,Cl, CHCly
77% 3%

— (CHy),-NMe,

Scheme 10.2

De Paolis et al. reported the synthesis of quinolines applying a modified version
of the classical Doebner—Miller synthesis (Scheme 10.3). Cinnamaldehydes and
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R1
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40-95%

R' = H, Me, Et, F, CI, Br, OMe,
R2 = H, 2-NO,, 2-OMe, 4-OMe, 4-NO,
R3=H, Me

Scheme 10.3

anilines readily undergo a condensation-—cyclization—aromatization domino
pathway in a K-10 catalyzed one-pot process [10]. The K-10 catalyst has a dual
role in the sequence, acting as an acid catalyst in the condensation and cyclization
steps and as an oxidation catalyst in the final aromatization producing the
product quinolines in 40-95% yield during rapid reactions (4—8 min).

5-Exo-dig cyclocondensation of alk-3-yn-1-ones with diversely substituted
hydrazines readily yields 1,3,5-triaryl pyrazoles when K-10 montmorillonite is
applied as a catalyst (Scheme 10.4). The reaction occurs with high selectivity
and nearly 100% atom economy making the process environmentally benign.
The products form in short (10 min) reactions with good to excellent yields [11].
Using a similar design, phthalazinones can be obtained from phthalaldehydic
acid and hydrazines [12].

AN + R-NHNH, ) O
o) _ K10 T\
MW, 100 °C N\N
10 min |
R
. 73-91%
R = H, Me, tBu, Ph, 2-F-Ph, 4-CI-Ph, 4-CF5-Ph, 2,5-di-Me-Ph, etc.

Scheme 10.4

The synthesis of indolyl-benzimidazoles is achieved by a solvent-free
methodology via the condensation and cyclization of cyanoacetyl-indoles
and 2-phenylenediamines (Scheme 10.5). The reaction occurs readily in 10 min
reaction times providing 70—90% yields, representing approximately one order
of magnitude decrease in reaction time and a 50% increase in yields [13]. Similar
condensation reactions with phenylenediamines also provide benzodiazepines,
benzimidazoles, and quinoxalinones [14].

The cyclization reactions appear extendable to O-containing heterocycles. The
K-10 catalyzed ring closure of several flavonoid derivatives was applied during
the total synthesis of baicalein derivatives that were proposed as antitumor agents
(Scheme 10.6). While the microwave-assisted reactions usually provided higher
yields, often double than that of the conventional reactions (up to 77%), in several
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RS
O CN Ny
) NH
R? HoN R? R
Sort + Ij __Kk10 Y
N MW, 400 W N
H HoN 10 min H
R'=H Me. Ph 75%—-92%
R2 = Me, OMe, Cl
R3=H, Me
Scheme 10.5

Prenyl bromide
K,COg3, acetone
MW, 2h

Scheme 10.6

cases the yield was only 6% (1% under conventional heating), or the product
did not form despite the fact that the conventional reaction resulted in product
formation [15].

The synthesis of combined N and O-containing heterocycles was achieved by
Suresh et al. The application of the reusable Al>*-doped K-10 montmorillonite
allows the formation of aryl-substituted 1,2,4- and 1,3,4-oxadiazoles in a one-pot
multicomponent reaction, using simple and readily available starting materials.
The reaction is versatile, with over 40 examples reported, and tolerates a wide
range of starting materials [16] (Scheme 10.7).

2,4-Diarylquinolines are synthesized by a K-10 montmorillonite catalyzed
multicomponent domino reaction (Scheme 10.8) [17]. A diverse group of
2,4-disubstituted quinolines was prepared using anilines, benzaldehydes, and
terminal phenylacetylenes. The process appeared to have no limit in its potential
extension to combinatorial synthesis. The reaction did not alter the catalyst that
was reused five times without a noticeable loss in its activity.
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X
_NH, N-N
Ar N
H Ar/< >\R
O
O
HoN N NH2 89-94%
H I
R O—  AP*K-10 H,N N o>\ R
Py R—
o © MW, 55 °C, 15 min N
Fl el J\H " g9-00
_OH uer
Ar N

N—-O
a—L A~
Ar = 4-Br-Ph, 3-NO,-Ph, 3,4-di(OH)-Ph, etc. N
R =H, Me, Et, nPr, nBu, etc. 91-94%

Scheme 10.7

CHO  H,N X
X 2 X X K-10 >
| + | + R
X X X MW, 90-130 °C
R1 R2 R3
R' = 4-Me, 4-NO,, 4-F, 4-CN, 2-Br, 3,4-diCl, etc. 70-96%

R2 = H, 4-Cl, 4-Br, 4-CF3, 4-CN, 4-NO,, 4-Et, 2-F, etc.
R® = H, Me, OMe, F

Scheme 10.8

Microwave-assisted clay catalysis is also widely applicable in aromatic elec-
trophilic substitutions. The alkylation of indoles with ninhydrin readily yields
the corresponding bis-indolyl-1,3-indanediones in a solvent-free K-10 catalyzed
process [18]. The reactions require only 5—6 min reaction times and provide
the products in nearly quantitative yields (90-96%) (Scheme 10.9). Other

K10
+ 2
@E&< m MW, 130 °C

R'=H, Me
R2 =H, Me,
R®=H, Br, OMe

Scheme 10.9



198 | 10 Microwave-Assisted Solid Acid Catalysis

aromatic alkylations include alkylations with alkenes, carbonyl compounds,
or alcohols [19].

The Friedel-Crafts hydroxyalkylation of indoles with ethyl trifluoropyruvate
and ethyl trifluoroacetoacetate (Scheme 10.10) with solvent-free K-10 catalysis
provided the corresponding N-heteroaryl(trifluoromethyl)hydroxyalkanoic acid
esters in excellent yields (up to 98%) [20].

HOo_ CFs  cooEt

/
O (CHa)n
\ L AL o) COOBt K10 A\
N, FCT (CHah MW, 1200 W N
H 0.2-0.5h H
n=0,1 80-85%

Scheme 10.10

Microwave-mediated hydroxyl protection/deprotection has been successfully
achieved on K-10 montmorillonite. Unlike in the case of several mineral acids that
debenzylated the protected sugars, the solid acid catalysts resulted in the deacety-
lation of the substrate in 78 —-85% yield [21] (Scheme 10.11).

OR'
0
L N SN
BZO MW, 150°C R0 R
OBz MeOH/H,0 OR
78-85%
R' = SEt, OMe
R2 = H, PhCH
R3=H, Bz

Scheme 10.11

A KSF montmorillonite catalyzed cross-aldol condensation of acetophenones
and benzaldehydes readily yielded the corresponding chalcone derivatives in short
reaction times and moderate to high yields (Scheme 10.12). The reaction tolerates
a broad range of substituted aryl groups in both starting materials, and the scope

o) O
o H KSF o KSF  Ph" " > ph
L+ PN MW, 150 °C/1 h 1Jl\/\A 2 + PhCHO
Art 0~ "Ar e s Ar r MW, 150 °C, 1 h
or °C, \\
55-97% 74-92%

Ar! = Ph, 4-MeO-Ph, 4-Me-Ph, 4-CI-Ph, etc.
Ar? = Ph, 4-MeO-Ph, 4-CI-Ph, 2-CI-Ph, 2-NO,-Ph, etc.

Scheme 10.12
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is also extended to the synthesis of symmetrical, diarylmethylene-o,f-unsaturated
ketones from aromatic aldehydes and ketones [22]. The proposed explanation of
the mechanism involves a selective anchoring and activation of the aldehyde by
the Lewis acid centers of the clay.

As a reverse version of the above reaction, KSF montmorillonite BiNO,-5H,0
supported on KSF montmorillonite catalyzed to provide vanillin in a simple,
solvent-free, and rapid reaction in 77% yield (Scheme 10.13) [23].

CHO
Bi(NO3)3- KSF support

OH MW, solvent-free HO
OMe
OMe OMe 77%

Scheme 10.13

Alkenes can be successfully transformed to iodohydrins using a copper(II)
acetate doped K-10 montmorillonite catalyst with I, and alcohols as reagents. A
broad variety of alkenes can be applied in the reaction providing the products
in short reaction times and, with a few exceptions, in excellent yields [24]
(Scheme 10.14).

OR*
Rl R? K-10-Cu(OAc), RQH
>_< + |2 4—> R1
R3 H R*-OH Rs |
MW, 45 °C
46-98%

R' = Me, nBu, n-octyl, Ph, etc.
R? = H, CH,CH,COCHj, etc.
R3=H, Me

R* = H, Et, iPr, tBu

Scheme 10.14

Clay catalysts can also contribute to cooperative catalysis with added noble
metals. Due to the small particle size of the applied metal, the undesirable
arching phenomenon does not occur under these conditions. Several such
reactions include an oxidative Hantzsch reaction, and the synthesis of pyra-
zoles and B-carbolines have been performed through multicomponent domino
reactions [25].

10.3
Zeolites in Microwave Catalysis

Zeolites are aluminosilicates of the generic formula MJ’C’;“"[(AIOZ); (SiOz)y]'z H,O.
Zeolites occur naturally, but can also be prepared synthetically. Due to the
well-defined, manipulable microporous framework and the possibility of
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exchanging the intercalated cation, they have become attractive materials for
various applications. Some of their major industrial applications include their use
as sorbents (e.g., H,O removal) or as catalysts (e.g., cracking of petrochemicals).
Zeolites are well-known solid acids, with a highly temperature-dependent acidity.
Their H,, value at room temperature is ~3—4, with several studies describing
superacidic behavior at elevated temperatures [26]. Due to their highly polar
structure, they absorb microwave energy readily and are thus excellent catalytic
materials for MAOS.

Their acidic properties make zeolites attractive catalysts for the formation of
ester [27] and amide bonds [27a, 28] (Scheme 10.15). Typically, a carboxylic acid
is mixed with the catalyst and the alcohol or amine, and heated under microwave
conditions to yield the corresponding ester or amide. The reactions proceed with-
out the use of a solvent and more rapidly while providing higher yields as com-
pared to conventional heating.

o HB-Zeolite Q

OH . 1 )J\
17 + ° R 2
R HOJ\RQ MW, 117 °C o~ R
30-99%

NH, j\ HB or HY-Zeolite o j\
17 + ° - 2
R Ho~ “R2 MW, 117 °C ” R
R' = Me, Ph, 4-CI-Ph, CH,CH, cCgHy;, etc. 72-99%

R? = Me, Ph, cCgHy4, etc.

Scheme 10.15

It has also been shown that amide formation can occur intramolecularly [29].
Similar to the above intermolecular reactions, both the yield and reaction time are
greatly improved under microwave irradiation.

The synthesis of underivatized amides can also be achieved through the hydrol-
ysis of nitriles [30] (Scheme 10.16). The hydrolysis proceeds with improved yields
in shorter reaction times than under conventional heating.

on _NaY-Zeoite, H,0 j\
R MW, 100 °C R™ "NH,
68-89%
R = CH,CsH4N, (CH,),—, Ph-O(CHy)5—

Scheme 10.16

Ketones can also be transformed to amides under microwave conditions and
zeolite catalysis [28b] (Scheme 10.17). Under the conditions used, first the oxime is
formed which then undergoes a Beckmann rearrangement to produce the amide.

Camargo-Ordonez et al. have shown that the sulfonamide formation is
improved under microwave conditions [31]. Aromatic sulfonyl chlorides are



10.3  Zeolites in Microwave Catalysis

o)

O .

Y NH,OH, HY-Zeolite rt L,
R!” “R2 MW, 466 W N R
R = Ph, 4-CI-Ph, cCgHyy, etc. 82-95%
R2 = Me, Ph

Scheme 10.17

coupled with aromatic amines using 4A MS as a catalyst in good to excellent
yields.

The use of microwave irradiation has been demonstrated to positively affect
zeolite-catalyzed Friedel—Crafts acylation and alkylations with respect to yield,
reaction time, and product selectivity. Acylations can be performed with car-
boxylic acids [32] (Scheme 10.18), anhydrides [33], or acid chlorides [33a] as
acylating agents. All reactions resulted in improved yields and shorter reaction
time when compared to conventional heating.

o ' (0]
XN HP or HY-Zeolite
() hohom ot AR
L HO™ "R2 MW, 190-230 °C |
R! | 1//
R' = 4-MeO-Ph, C4H3S, etc. R 30-74%

R2 = Ph, 4-MeO-Ph, Et, CsHyq, etc.
Scheme 10.18

Hiroki et al. demonstrated that acylation is not limited to intermolecular
reactions; intramolecular versions are also possible, as shown in the synthesis of
1-Tetralone derivatives from 4-arylbutyric acids [34].

Friedel - Crafts alkylation has been investigated using methyl-zert-butyl ether
(MTBE) as an alkylating agent [35]. In the reactions of hydroquinone, mono-
alkylation occurred exclusively; most likely due to limited space in the pores of the
catalyst. It was found that the reaction can be enhanced if SO;H functionalized
zeolites are used as a catalyst.

Investigations of microwave-assisted catalytic oxidations and alkylation reac-
tions point out that the morphology of zeolites with identical molecular formulae
plays a role in catalytic activity and reusability of the material. It is reasoned that
this different behavior is due to the different accessibility of the active sites of the
catalyst [36].

It has been demonstrated that zeolites can efficiently catalyze the formation of
various types of heterocycles. Cyanopyridines [37] (Scheme 10.19) and pyrimi-
dobenzimidazoles [38] can be obtained in higher yields and shorter reaction times
without a solvent under microwave heating than under conventional heating. It
has been shown for the synthesis of pyrimidobenzimidazoles that the regiochem-
istry of the reaction can be determined through the appropriate selection of the
zeolite catalyst, most likely due to the different cage sizes allowing for the forma-
tion of one product only.

201
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HY-Zeolite
| A 00 NH4OAc
AN

R? MW, 400 W
OH

R' = H, 4-Cl, 4-Me, 2-MeO, etc.
R2 = H, 8-Me, 5,8-diMe

Scheme 10.19

It was also shown that zeolites catalyze the formation of imidazoles and
benzimidazoles from various precursors. Balalaie et al. have shown that sub-
stituted imidazoles can be obtained in a one-pot multicomponent reaction
(Scheme 10.20) [39].

o HY-Zeolite
Ph. _0O | NH,OAc Pha =~
I NG o N N
o o MW, 850 W R’ \<
Ar
Ar = Ph, 4-Br-Ph, 4-CHg-Ph 42-94%

R = Me, Et, PhCH,CHCH,, etc.

Scheme 10.20

Fused aminoimidazoles have been synthesized by Thompson et al. using HY-
zeolite as a catalyst under microwave irradiation (Scheme 10.21) [40]. The reaction
proceeds in short reaction times (minutes) in acceptable yields and with good
regioselectivity.

NHR
HY-Zeolite =
(\ + [+ _NC i (\ N&,
- Ar
N/)\NH2 Ar) R MW, 800 W S sy

Ar = Ph, 4-MeO-Ph, etc. 22-49%
R = alkyl, benzyl, etc.

Scheme 10.21

In a similar reaction, benzimidazoles can be synthesized from o-phenylenedia-
mines and a suitable carbonyl compound, which could be an orthoester [41], an
anhydride [41], formaldehyde [41], or a carboxylic acid [42] (Scheme 10.22).

The same methodology can be extended to the synthesis of 2,3-disubstituted-
4(3H)-quinazolinones [43] (Scheme 10.23). The reactions do not require the
use of a solvent and perform better regarding the reaction time and yield under
microwave irradiation than using conventional heating.
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. 8 L
NaY-Zeolite
+ =
NH, Ar)J\OH MW, 800 W \C[N/ Ar
Ar = 4-CI-Ph, 4-Me-Ph, CsH,N, etc. 26-97%

Scheme 10.22

0
NHR?! 2 3 HY-Zeolite NR'!
+ FCORs MW, 210-490 W
NH2 ) = H R2
R' = Ph, 4-CI-Ph, 4-Me-Ph, CH,Ph, etc. .
% - . Mo 70-86%
RS = Me, Et

Scheme 10.23

Polyhydroquinolines have been synthesized using a ZnO-modified p-zeolite
under microwave heating [44] (Scheme 10.24). The reaction of a p-ketoester,
a cyclic diketone, and an aldehyde proceeds under solvent-free conditions
and tolerates a variety of aromatic aldehydes. It can also be performed with
unmodified H-p-zeolite albeit with lower yield and longer reaction times.

o ZnO-B-Zeolite @ R
o 9 o NH,OAc CO.Et
+
IS N, MW, 800 W L
0 N
R = Ph, 4-CI-Ph, 4-Me,N-Ph, etc. 82-96%

Scheme 10.24

Sucheta et al. described the synthesis of 1,5-benzodiazepine derivatives using a
zeolite-like catalyst under microwave conditions (Scheme 10.25) [45]. The reac-
tion proceeds without a solvent and gives the products in better yields under
microwave versus conventional heating.

NH, Q
©: _ MoM4t oH Ny
NH, MW, 800 W B

R = Ph, 4-CI-Ph, CgH,N, etc. 90-98%

Scheme 10.25
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Biginelli reactions yielding 4-aryl-3,4-dihydropyrimidine-2-(1H)-ones have
also been performed under microwave conditions using zeolites as catalysts [46]
(Scheme 10.26). While earlier investigations found the FeCl;-modified catalyst to
be best [46b], recent investigations showed that this is not necessary if another
type of zeolite is used [46a].

Zeolite 4A or o R
0o o o o FeCl,y/Si-MCM-41
I G G RZ Y NH
R R2 H,N” ONH, MW, 240 W N /go
R! = Ph, 4-CI-Ph, 4-NO,-Ph, etc. H
R2 = OMe, OEt 70-98%

Scheme 10.26

N-Arylisatins have been successfully prepared from in situ prepared arynes and
methyl-2-oxo-2-(arylamino)acetates [47] (Scheme 10.27). The reaction proceeds
with different types of zeolites as catalysts and with a variety of substrates. It is
believed that the catalyst assists in the aryne formation as well as in activating the
amine for the attack on the aryne.

0O

NaX or NaY
H or NaZ-Zeolite o)
©:0Tf @N\H/Cone NaHCO,4 N
MW, 560 W
™s g~ © //Q
R
R = H, 4-Me, 4-Cl, 2-Ph, etc. 61-98%

Scheme 10.27

Sulfur-containing heterocycles can also be prepared under microwave heating
as demonstrated by the synthesis of thiazolidin-4-ones [48] (Scheme 10.28).
The thiazolidinones are formed through the reaction of an imine derivative and
thioglycolic acid.

MW, 400 W RN

2 OH Zeolite 5A S//L_
RSN+ HST Y o 1. /~©
o}

H1 = 4'C|'Ph, 4'M€O'Ph, 2'0H'Ph, etc. 89-96%
R? = 4-CI-Ph, 4-MeO-Ph, 4-NO,-Ph, etc.

Scheme 10.28
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10.4
Microwave Application of Other Solid Acid Catalysts

The above-discussed catalysts were all natural or semisynthetic aluminosilicates
of different structures. While the examples clearly dominate microwave-assisted
solid acid catalysis, in this chapter, several less structurally homogeneous
examples will be summarized. The major classes include HPAs, acidic ion-
exchange resins, and metal oxides.

10.4.1
Heteropoly Acids

HPAs are well-known acid catalysts, and due to their stability under aqueous
conditions, they are good candidates for the replacement of the environmentally
hazardous and corrosive mineral acids [49]. While a broad variety of HPAs are
known, the most common and commercially available type is Keggin-type struc-
tures such as H,[SiMo,,0,,], H;[PMo,,0,,], H,[SiW,,0,,], and H;[PW,,0,]
and their derivatives [50].

The synthesis of esters from alcohols and carboxylic acids was accomplished by
novel and rapid methods using HPAs as catalysts under microwave irradiation in
the absence of solvent (Scheme 10.29) [51]. The proposed method allows shorten-
ing of the reaction time from hours to minutes while maintaining excellent yields.

0.05 mol %
H3PW 15049
1 + ROH ——————— R'COOR? + H0
RICOOH + RPOH — -
R!=Me, Ph 98-99%

R2 = Bu, C;Hys, PhCH,, C;H;5, CgH47
Scheme 10.29

A rapid and easy route for the protection of alcohols via microwave-assisted
acetylation is a further example for ester formation (Scheme 10.30) [52]. Using a
catalytic amount of HPAs (especially V-containing examples), microwave irradi-
ation furnished the corresponding acetates in high yields with reduced reaction
times under solvent-free conditions. Effects of P, Si, and transition-metal substi-
tution on the catalytic activity of HPAs of Keggin and Preyssler structures were

(0]
OH ) Heteropoly acids O)J\
R14\R3 ¥ )J\OH MW, 0.25-8 min v HO
2 1 3
R R'TSR
R
R, R2 R% = H, alkyl, Ph, PhCH, 5-92%

Scheme 10.30

205



206

10 Microwave-Assisted Solid Acid Catalysis

investigated. The P-substituted H,PM;,V,0,, (M =W, Mo) catalysts show excel-
lent activity in the acetylation and appear to be more active than the Si-substituted
H,SiW,V30,,, H,SiWyMo,0,,, and H;SiW,Mo,VO,, catalysts.

HPA catalysts such as H;PW,,0,,, H;PMo,,0,), and H;PW,,0,,/SiO, have
been used for the synthesis of 4-aminopyrazolo(3,4-d]pyrimidine derivatives from
1-substituted-5-amino-4-cyano-pyrazoles and formamide under classical heat-
ing and microwave irradiation (Scheme 10.31) [53]. The microwave—solid acid
combination leads to a convenient catalytic synthesis of 4-aminopyrazolo[3,4-
d]pyrimidines with remarkably reduced reaction times from 5-8h to 8—12 min
as compared to traditional conditions. Among the above catalysts, H;PW,,0,4,
showed the best catalytic activity in terms of yields and reaction times.

R1 CN R1 NH2
A\ Heteropoly acids 7 SN

N>~N—S\NH2 + HCONH, MW, 8—12 min N\N l N/)
R? R2

R'=H, Me 59-88%

R2 = Me, Ph, 2,4-di(NO,)Ph
Scheme 10.31

A highly diastereoselective microwave-assisted three-component synthesis of
azabicyclo[2.2.2]octan-5-ones by a silicotungstic acid-catalyzed aza-Diels— Alder
cyclization is also achieved (Scheme 10.32) [54]. The one-pot process involves the
formation of the in situ generated Schiff base and its immediate cyclization with
cyclohex-2-enone. The short reaction times, good yields, and excellent diastereos-
electivity make this annulation a practical and environmentally attractive method
for the synthesis of the target compounds.

O . 1
10% Hy [SiW1,0 4] o) Ar
+ Ar-CHO + Ar?-NH, %@f
MW, CHLCN, AN
10 min, 100 °C
Ar' = 4-CN-Ph, 4-CN-Ph, 4-F-Ph, 3,4-diCI-Ph, 4-NO,-Ph 45-75%

Ar2 = 4-CI-Ph, 4-F-Ph, 3-Cl-Ph

Scheme 10.32

10.4.2
Acidic lon-Exchange Resins (Nafion-H, Amberlyst, Dowex)

10.4.2.1 Nafion-H
Perfluorinated resin-supported sulfonic acid (Nafion-H) has been extensively
used as an ecofriendly catalyst in organic synthesis. Nafion-H is an insoluble
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resin, inert to corrosive environments, stable up to 210°C, and easy to recover
and recycle [55].

Nafion-H was used as a catalyst for a multicomponent condensation reaction
to obtain 4-(3H)-quinazolinones in a single pot under microwave irradiation
conditions (Scheme 10.33) [56]. The reaction occurs within a few minutes
under solvent-free conditions to afford the products in good yields. The catalyst
was recovered and could be recycled up to six times without any decline in
activity.

O
O

A

N~ 0 NH,
H

1 X Nafion-H |
+ RIC(OENs + | solvent-free N x
//

or
©:COOH R? MW, 2-6 min N/)\ .
NH, 70-94%

R' =H, Me, Et, Ph
R2 = 3-CFg, 4-CF, 2-Cl-5-CFg, 2-NO,-4-CFy, 2,6-(NO,),-4-CF5, 4-Me

Scheme 10.33

A new Nafion-H catalyzed microwave-assisted synthesis of trifluoromethyl-
imines was described [57]. 1,1,1-Trifluoroacetophenone reacts readily with
benzylamine to produce the corresponding imines (Scheme 10.34). The appli-
cation of microwave irradiation coupled with solvent-free Nafion-H catalysis
was employed. The products were isolated in good to excellent yields and high
selectivities. Additionally, this process significantly cuts down on the reaction
time compared to the traditional heating in toluene, which required 48 h.

(0] CF4
Nafion-H

207

NS
CFs NH, N
+ MW, 175 °C, 30 min

50%

Scheme 10.34

10.4.2.2 Amberlyst

Amberlyst-type resins are prepared in the form of cation- or anion-exchange
resins. The H-form of the cation-exchange resins shows acid catalytic activities.
The thermal stability of Amberlyst, however, is limited up to 120°C. One of
the most popular and commercially available Amberlysts, Amberlyst-15, is an
acidic variation, which functions as a macroreticular-type cation-exchange resin.
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Studies indicate that Amberlyst-15 can also be used for nonaqueous catalysis.
It is known that the hydrogen form of Amberlyst-15 displays sulfonic acid
functionalities [58].

Isatoic anhydride, treated with various kinds of anilines and benzaldehydes,
gives dihydroquinazolin-4(1H)-ones in the presence of Amberyst-15 catalyst
under microwave irradiation (Scheme 10.35) [59]. The catalyst is reusable even
after four consecutive runs.

0 o}
Amberlyst-15 .R?
O + R + R2NH N
A RicHo 2 MW-360 W, 3-7 min P
N" o N~ R!
H H
1 = Ph, 3-NO,-Ph, 4-CI-Ph, 4-NO,-Ph, 64-87%

2-Me-Ph, 4-Br-Ph, 4-F-Ph, 4-OMe-Ph

R? = Ph, H, Pr, Me

Scheme 10.35

10.4.2.3 Dowex
Similar to Amberlyst, Dowex is a cation- or anion-exchange resin with a
polystyrene backbone and sulfonic acid groups.

The microwave-assisted catalytic dehydration of fructose into 5-hydroxymethy-
Ifurfural (5-HMF) with Dowex 50W X8 as a catalyst in a mixed organic—aqueous
solvent system was reported (Scheme 10.36) [60]. Since the resin is heat sensitive,
the applicability of the resin at high temperatures ranging between 100 and 180 °C
was investigated under microwave irradiation. The resin works well at tempera-
tures up to 150 °C, without decrease in catalytic activity even after five times of
reuse. Compared to conventional sand bath heating, microwave irradiation had
a remarkable accelerating effect not only on the fructose conversion but also on
selectivity, thus the 5-HMF yield.

HO
OH\O OH Dowex HO 0 /O
W/—t Acetone : Water
OH OH " MW, 20 min, 150 °C \_/

Fructose 5-HMF
73%

Scheme 10.36

Structurally different epoxides were efficiently converted to the correspond-
ing thiiranes using thiourea on Dowex 50WX8 under solvent-free conditions
(Scheme 10.37) [61]. The reactions were carried out either in an oil-bath or under
microwave irradiation to give the thiiranes in 75—98% yields within 0.5—120 min.
It is shown that the irradiation of a mixture of styrene oxide resulted in a complete
reaction within 90 s with 96% yield under microwave irradiation. The scope of the
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R! R2 NH,CSNH,/Dowex-50WX8 R R2

~7

0 MW, 400 W, 30-120 s S

78-98%

R! = Ph, CH,0Ph, CH,OCH(Me),, CH,OCH,CHCHS, etc.
R2=H, Ph

Scheme 10.37

reaction is extended to various epoxides under optimized conditions. A distinct
rate enhancement under microwave conditions is observed in addition to better
yields (78 -98%); the reactions are completed within 0.5—2 min as compared to
15-120 min under conventional heating.

10.5
Conclusions and Outlook

The past two decades have seen an explosion-like development in the application
of solid acids; microwave-assisted use is no exception. The widespread use of these
catalysts in MAOS is largely aided by environmental concerns and the fact that
these materials are usually strong microwave absorbers; hence they could serve
as a reaction as well as a heating medium. These facts and the current trends in
making the industrial production of chemicals greener initiate significant efforts
from microwave instrument manufacturers to produce reactors that are able to
significantly scale up existing processes. It is expected that these efforts will result
in the extension of MAOS to industrial level in the future.
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Microwave-Assisted Enzymatic Reactions
Takeo Yoshimura, Shigeru Mineki, and Shokichi Ohuchi

11.1
Introduction

An enzyme is a protein molecule that possesses a catalytic function. Specifically,
enzymes catalyze a number of reactions in living organisms and play an important
role in supporting life. An important feature of an enzyme is that it can only
work in very limited reaction conditions, such as with particular substrates and
at particular temperatures. A number of studies have been conducted on the use
of enzymes as catalysts to efficiently obtain chiral molecules, which are employed
as pharmaceutical raw materials. In particular, in 1986, Klibanov [1] revealed that
enzymes can function as catalysts in organic solvents, since then the notions of
the conditions required by enzymes changed drastically and their uses expanded
dramatically. However, in enzyme reactions in nonaqueous systems such as
organic solvents, reaction rates were shown to be reduced considerably, and
their yields and recovery rates were low even when the specifics of the substrate
were ideal; this prevented practical realizations. Therefore, supercritical reaction
fields and ionic liquids (ILs) producing dielectric environments equivalent to
aqueous systems have been tested as devices for enhancing reaction rates. In
addition to this, microwave irradiation was expected to have the effect of pro-
moting reactions and also attracted early attention. Initial characteristic research
examples include a series of studies on lipase under microwave irradiation in
1996 [2]. Microwave heating research has advanced and microwave devices for
chemical reactions have been developed in recent years, which have enabled
high-accuracy temperature measurement and control. In particular, studies of
microwave heating have been conducted on immobilized lipase in microwave
enzyme reactions over the course of many years. Enzymatic reactions using
microwave heating have been studied in a wide range of fields such as pharma-
ceutical synthesis, extraction, and decomposition, as well as biodiesel fuels and
proteome [3].

The reaction temperature is an important factor for enzyme reactions.
They are proteins comprising 20 types of amino acids, catalyzing various
reactions in living organisms. Single-chain polypeptides, where amino acids
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are polymerized, form characteristic structures such as spiral o helices and
B sheets, called secondary structures. Furthermore, peptide chains contain-
ing these secondary structures form a specific three-dimensional tertiary
structure as a whole, which is intensely involved in catalytic functions. The
three-dimensional structure of this enzyme selects suitable forms of molecules
at active sites, resulting in molecular recognition (substrate specificity and
selectivity) — the property of enzymes that makes them decisively different from
general acid—base catalysts. Reactions are catalyzed by synergetic actions of
functional groups of plural amino acids in substrate molecules incorporated into
active sites.

Additionally, it is necessary to use enzymes under limited reaction conditions,
such as optimal temperatures and optimal pH, to demonstrate their catalytic func-
tions. The optimal conditions for exhibiting this activity vary by enzyme, and they
cannot exert their catalytic functions sufficiently if not under their optimal con-
ditions. Temperature conditions must be regulated when comparing microwave
and conventional heating for the accurate comparison of results. It should further
be noted that enzymes cannot form any three-dimensional structures under
high-temperature conditions and, therefore, lose their catalytic functions. This
deactivation of enzymes is irreversible, and they can no longer re-form their
original structures. Therefore, it is considered very important to properly set
the appropriate reaction conditions, including the temperature, in microwave-
assisted enzymatic reactions, as compared with organic chemistry or inorganic
chemistry.

The significance of accurately observing the temperature, which is the most
fundamental condition in chemical reactions, is indicated in particular as part
of the recent evolution of research into microwave chemistry. Kappe et al. [4]
measured the temperature in a container at three locations (top, middle, and
bottom) with a fiber-optic (FO) probe using a microwave device from CEM
Corporation and managing the temperature with an infrared (IR) sensor. As
a result, it was found that a temperature gradient appeared even within the
same reaction vessel. Moreover, by measurement of the container temperature
through microwave heating, it was shown that the temperature measurement
with the IR sensor did not provide an accurate temperature by comparing the
result of an FO probe and a noncontact IR thermometer. Furthermore, they
revealed the importance of stirring to reduce the temperature gradient within
a single-mode cavity. They concluded that the difference between the results of
the observed microwave heating and those of the conventional heating could
be attributed to the inability to measure an accurate temperature because the
IR sensor was used.

Mochizuki and Wada [5] reviewed accurate temperature measurements in
microwave-assisted reactions. The temperature generated by microwave heating
can be measured with a thermocouple, an IR thermometer, magnetic resonance
imaging (MRI), Raman spectroscopy, and an FO thermometer. However, the
thermocouple itself would be heated by the microwave energy. While MRI allows
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simultaneous measurements at several points of interest, it is expensive and
difficult to use. Raman spectroscopy, which works by measuring the Raman peaks
of solid surfaces, is hard to apply to the chemical reactions of a liquid. Therefore,
measurements using FO and IR are frequently conducted; however, IR is only
used to measure the surface temperature, as indicated by Kappe et al., which is
a different temperature from that in the reaction solution. On the other hand,
the use of the FO thermometer ensures a more accurate measurement of the
temperature, but it is not the ideal method for measuring the temperature gra-
dient in the interior of the reaction. For these reasons, Mochizuki and Wada [5]
put forward the need to reconsider the results of the previous microwave (MW)
chemical reactions.

Kappe et al. [6] compared temperature measurement experiments and
simulations — focusing on the types of solvents, the impacts of containers, the
material properties of containers, and the effects of stirring — using the CEM Dis-
cover LabMate System, the network analyzer (Agilent 8753), and the COMSOL
Multiphysics. They measured the loss tangent (tan§=¢"/¢’) using the coaxial
probe method for solvents and the cavity resonator method for Pyrex tubes. To
investigate errors between experimental data and simulations, they measured
the temperature for four types of solvents (bmimPF6, EtOH, MeCN, hexane) and
used hexane, which had the smallest error, for the subsequent simulations. Kappe
et al. demonstrated from the results of several simulations that electric field and
power density gradients exist at the edges of stirrers, in internal temperature
probes, and around other projections, generating large temperature gradients.
They also indicated that the material properties of reaction vessels and the
amount of solvents have significant effects on electric field distribution.

Sturm et al. [7] also demonstrated the existence of uneven heating in single-
mode microwave heating from experiments for examining heating changes using
thermal Fax paper and simulations using COMSOL Multiphysics. Using the CEM
Discover system, with a hole for observing the interior portions from the front and
left sides, they filled three test tubes of differing volumes with water from the bot-
tom to a height of 40 mm, attaching a Fax paper (thermal paper) to each tube, and
conducted microwave heating until the water came to a boil. They also measured
the temperature at four locations in the interior of the test tubes with an FO sensor.
As a result, they demonstrated that the heating patterns of the Fax papers were
different depending on the container, and that the heating was uneven. Moreover,
it was shown from the simulation by COSMOL that the heating in the test tube
interiors was uneven.

Additionally, Kappe et al. [8] reported the importance of temperature measure-
ment and stirring under a microwave environment, using the microwave device
of Anton Paar, Inc. — Microwave 300 — enabling simultaneous temperature
measurement with the FO probe and IR sensor. Using the FO probe and IR
sensor, authors examined the difference in measured temperature due to the
stirring speed of N-methyl-2-pyrrolidone (NMP), which has high microwave
absorbency, high viscosity, and high boiling point. No differences were observed
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in the temperature profiles between IR and FO when comparing the temperature
measurement of water at 200 °C (3 ml, 100 rpm). On the other hand, as a result
of measuring the temperature with IR when the temperature was turned to
200°C by changing the stirring speed or the capacity of NMP, it was shown
that the temperature did not reach 200°C when the stirring speed was low
(200 rpm or less), no stirring was performed, or the capacity was large (5ml). In
other words, it was demonstrated that attention should also be given to stirring
conditions for achieving a constant temperature in reaction solutions because
temperature measurements by stirring can vary depending on the content of
microwave heating. Furthermore, it was shown that the measured temperature
varied between FO and IR when products turned into polymers by chemical
reactions and became viscous.

Additionally, Kappe [9] compiled likely errors during temperature measure-
ments and monitoring in reactions under microwave irradiation during their
tutorial review using three microwave devices: CEM Discover, the Anton Paar
Monowave 300, and Biotage Initiator. One of the notable results was to show
that the measured temperature was different for each microwave device when
conducting microwave heating, while maintaining 3 ml of bmibBr at 100°C, as
the measurement temperature of IR from the outputs of the three microwave
devices and the results of the temperature profiles of IR/FO. This result suggests
that it is not possible to reproduce the same experimental conditions through
IR control when reactions are conducted with different devices. Moreover, the
IR temperature sensor for measuring the container surface would not reflect the
reaction temperature accurately, whereas the FO thermometer is of favorable
sensitivity and high accuracy but is used only for the temperature measured near
the measurement section. By taking measurements inside and outside a sample
using both IR and FO, it is possible to read the reaction temperature accurately.
It was concluded that temperature data with higher reliability can derive more
reproducible microwave chemistry.

From the above studies, temperature measurement methods in microwave
chemistry, existence of uneven heating, importance of stirring, and temperature
issues among microwave devices were indicated. Microwave heating entails more
issues that must be considered compared with conventional heating, including
the mode (multi or single), the frequency, the output, the shape and material
property of containers, the reaction volumes, the stirring rates, the viscosity
of products, the thermometers (thermocouple, IR, FO probe), the presence or
absence of cooling devices, and the pressure.

Therefore, we consider that microwave heating can be made into a useful tool
to help enzyme reactions by combining the studies for each device used to gener-
ate microwave heating. It is possible to limit output sources and the frequency of
the microwave reaction as well as vessels and reaction scales by bringing together
papers for each device, enabling a more effective comparison of respective find-
ings. Furthermore, to demonstrate the microwave effect for enzymatic reactions,
we introduced that enzyme reaction in this paper was limited to lipases, glucosi-
dase, aldolase, and p-galactosidase.
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11.2.1
Lipase

The group of Legoy reported that microwave radiation can increase the rate of
enzyme-catalyzed reactions (Scheme 11.1) in organic media [2a]. The reaction
mixture in a quartz vessel (capacity, 20 ml) was placed in a microwave oven (Syn-
thewave S402). A glass paddle stirrer was used to stir the reaction at a stirring
rate similar to that used for the classically heated system. The temperature of
the reaction mixture was typically set to 50 °C and measured using a noncontact
IR continuous feedback temperature system. Microwave irradiation (2.45 GHz,
50°C) of the hydrated lipase enzyme suspended in an organic medium enhanced
the reaction rate by two to three times compared to classical heating. However,
they showed that when the water activity (a,,) was increased to 0.97, the reverse
effect was observed.

(0] [0}
/\)k Lipase
HO/\/\ . O/\ - O/\/\ + /\OH
Microwave, 50 °C
controlled hydration
Butanol Ethyl butyrate Butyl butyrate Ethanol

Scheme 11.1 Synthesis of butyl butyrate between butanol and ethyl butyrate.

Loupy and coworkers [2b] demonstrated the lipase-catalyzed esterification of
some a-D-glucopyranosides in dry media under focused microwave irradiation.
Immobilized Candida antarctica lipase (Novozym 435) was employed to catalyze
the esterifications of methyl a-p-glucopyranoside, a-p-glucose, and o,a-trehalose
with dodecanoic acid in dry media under focused microwave irradiation and
classical heating conditions at 95-110°C (Scheme 11.2). The reactions were
performed in a Synthewave S402 with a focused electromagnetic field. The system
was fitted with a stirring system and an IR temperature detector to indicate the
surface temperature. Consequently, the advantages of performing the reactions
in the microwave reactor were evident in all the cases in terms of yield and/or
product purity.

OH OCO(CH,)1oCH3
o Novozym 435 HO @)

HO
+ CHj3(CH,)1¢CO,H3

+ H,O

HO o HO o

H
OCH, HocH,

Scheme 11.2 Regioselective esterification of methyl-a-D-glucopyranoside.
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Petit et al. [2c] showed that microwave irradiation increased the enzymatic
affinity and selectivity of supported lipases in esterification and transesterification
reactions performed in dry media at temperatures near 100°C (Scheme 11.3).
The reactions were performed in a Synthewave S402 fitted with a stirring system
and an IR temperature detector to measure surface temperature. The lipases
selected for our study were the Pseudomonas cepacia lipase (LP) and C. antarc-
tica lipase (SP 435). At the optimal temperature (90 °C for water or 85°C for
ethanol elimination), the initial rates and enantiomeric ratios E were significantly
enhanced under microwave irradiation. The specificity of microwave effects as
compared to classical heating is evident.

OH H// OH H// OCOR
Me Lipase g Me ‘ Me
+ RCO,R’ +
1R S 18 2R

Scheme 11.3 Resolution of racemic 1-phenylethanol.

Legoy et al. [10] conducted the selective enzymatic esterification of free fatty
acids obtained from blackcurrant oil by n-butanol using four immobilized lipases
(immobilized lipases from Candida cylindracea, Mucor miehei, and P. cepacia and
Lipozyme) under microwave irradiation and classical heating. The Synthewave
S402 was employed to perform enzymatic reactions under microwave irradiation.
The quartz reactor was equipped with a variable speed rotation system, visual
control system, and IR temperature detector. Microwave irradiation had positive
effects on the chemical yields of the enzymatic reaction products as well as the
specificity of the lipases compared to control heating in an incubator equipped
with shaking applied during the identical enzyme-mediated processes. The
maximum quantity of y-linolenic acid (30%) was obtained with Lipozyme under
microwave heating.

Roy’s group reported the first example of a lipase-catalyzed chemoselec-
tive reduction of various azidoarenes to areneamines in organic media under
microwave irradiation [11]. PhN; (0.11g) in MeOH (10 ml) was placed in the
reaction vessel of a Synthewave S402 reactor. Lipase (0.5g) was then added and
the mixture was stirred. The program for the reaction was adjusted to limit the
temperature to almost 50 °C for 5min. After the usual workup and chromato-
graphic purification, the corresponding amine was obtained in 80% yield. Similar
treatment of other azides gave the corresponding amines in 70—80% yields.

Réjasse and coworkers studied both “immobilized” and “free” lipase B from
C. antarctica under microwave irradiation. Both the reactions were performed
in a Synthewave S402 microwave oven (300 W monomode system) equipped
with a variable-speed rotation system and an IR temperature detector. The
influence of microwave heating on the stability of “immobilized” C. antarctica
lipase B was studied at 100°C in an organic medium [12]. C. antarctica lipase
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B was immobilized on macroporous polyacrylic resin beads (Novozym 435).
The model reaction chosen to test the enzymatic activity after incubation at
100°C was the alcoholysis between ethyl butyrate and butanol conducted in
equimolar conditions without adding any solvent (Scheme 11.4). The microwave
irradiation was carried out before the enzymatic reaction or during the enzymatic
catalysis. In both the cases, enzymatic stability was higher under microwave
heating than that under conventional heating. Furthermore, the enhancement
of enzymatic stability under microwave heating appears to be higher in a more
polar solvent.

o) o
/\)J\o/\ + N o T/ /\)ko/\/\ + " N0OH

Scheme 11.4 Synthesis of butyl butyrate.

Réjasse et al. [13] also studied the influence of the activity and stability of “free”
C. antarcticalipase B under microwave irradiation. In a previous study, they inves-
tigated the effect of microwave heating on “immobilized” C. antarctica lipase B
activity at 100 °C in a nonaqueous medium. Free forms of lipase are more ther-
mosensitive than the immobilized forms, enabling us to vary the temperature
in this study from 40-110°C. Lipase activity was tested with a transesterifica-
tion model reaction between ethyl butyrate and butanol in a solvent-free medium
(Scheme 11.4). With respect to the activity, identical initial rates and conversion
yields were obtained under microwave radiation and classical thermal heating for
the alcoholysis between ethyl butyrate and butanol in a solvent-free system. On
the other hand, the kinetics of the free lipase inactivation in butanol appears to
be influenced by the heating mode. The Arrhenius plot obtained under classical
heating was linear for all studied temperatures, whereas a biphasic Arrhenius plot
was obtained under microwave irradiation.

Réjasse and coworkers [14] further reviewed the influence of microwave irradi-
ation on enzymatic properties in aqueous and nonaqueous media. This review is
important because the use of microwave irradiation in enzymatic synthesis was
still limited at that time. They focused on the influence of microwave irradiation
on enzymatic properties such as enzymatic activity, selectivity, and stability.
The first part of the review described the early studies on enzymatic reactions
under microwave irradiation. The second part described the use of microwave
energy in biocatalysis to discuss the future potential of microwave-assisted
enzyme-catalyzed synthesis. The authors concluded that the properties of irra-
diated enzymes are identical to those heated traditionally in aqueous media [15],
and that the activity, selectivity, and stability of enzymes can be improved by
microwave heating in nonaqueous media. The authors suggested that the specific
effect of microwaves may have a thermal origin. The temperature measured
during the studies is a macroscopic average parameter of the system. Microwave-
assisted reactions could be the consequence of different thermal profiles at the
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microscopic level. This review showed that microwave heating appears to be a
promising technology for improving the enzymatic catalysis sector.

11.2.2
Glucosidase

Maugard et al. [16] synthesized galacto-oligosaccharides (GOSs) using immobi-
lized and free f-galactosidase from Kluyveromyces lactis (Lactozym 3000 L HP-G)
under focused microwave irradiation and conventional heating (Scheme 11.5).
Focused microwave irradiations were performed at atmospheric pressure with
a Synthewave S402 microwave reactor. The temperature of the reaction was
measured using a noncontact IR continuous feedback temperature system. The
addition of solvent and performing the reaction under microwave irradiation
increased the production of GOS. In combination with the use of immobilized
B-galactosidase and cosolvents, such as hexanol, microwave irradiation results in
a 217-fold increase in the selectivity for GOS synthesis.

CH,OH ROH

OH OH

Scheme 11.5 Synthesis of galacto-oligosaccharides (GOS) from lactose using
B-galactosidase from Kluyveromyces lactis (free and immobilized).

11.3
Discover Series (CEM)

The Discover series instruments of the CEM Corporation are currently the most
widely used analytical tools for microwave enzyme reactions. The future of these
instruments is based on a single-mode microwave applicator using self-turning
circular waveguide technology. The Discover instruments span a range between 0
and 300 W, which is sufficient for rapid heating of most reaction mixtures. An IR
sensor performs temperature measurements at the bottom cavity located below
the vessel, or alternatively, the assembly can be equipped with an optical-fiber
sensor for internal temperature measurement.

11.3.1
Lipase (Synthesis, Esterification)

Yadav and Lathi [17] investigated the transesterification of methyl acetoacetate,
a P-keto ester, with various alcohols in the presence of immobilized lipases
and microwave irradiation (Scheme 11.6). Novozym 435, Lipozyme TLIM,
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Scheme 11.6 Transesterification of methyl acetoacetate with an alcohol ROH.

and Lipozyme RMIM were screened in the experiment and Novozym 435 was
found to be the most active under conventional heating. Primary and secondary
alcohols were used to study the effect of chain length on the reaction. The results
showed that as the chain length of the alcohol increases, the conversion increases
in the presence of microwaves as compared to conventional heating. It was
also found that there was a 2.2—4.6 times enhancement of initial activity for
microwave-irradiated reactions over conventional reactions. A ping-pong bi—bi
mechanism was found to fit the data well for enzyme catalysis alone as well as for
microwave-irradiated enzyme catalysis.

Kerep and Ritter [18] investigated the influence of microwave irradiation
on lipase-catalyzed ring-opening polymerization of e-caprolactone in boiling
solvents (Scheme 11.7). Five grams of caprolactone was mixed in a flask with
20 g of solvent, and the resulting monomer solution was divided into two parts.
Novozym 435 (125mg) was applied to each of the solutions and placed in
the Discover instrument and oil-bath, respectively. Temperature control was
achieved using a CEM fiber-optic temperature sensor. For the case of boiling
toluene or benzene, the MW-assisted reaction proceeded significantly slower as
compared to oil-bath heating. In contrast, boiling with diethyl ester as the solvent
showed an increase in the polymerization rate due to MW irradiation.

o

o Novozyme 435/
b0|I|ng solvent
HO  + n " Microwave

Scheme 11.7 Ring-opening polymerization of e-caprolactone.

Yadav and Lathi also carried out the microwave-assisted enzymatic synthesis
of propylene glycol monolaurate from 1,2-propanediol and lauric acid under
microwave irradiation (Scheme 11.8) and investigated the kinetic modeling of
microwave-assisted chemoenzymatic epoxidation of styrene. Both experiments
were performed using the CEM-SP 1245 with mechanical stirring in a cylindrical

CH,OH CH,00C—C,H,3

| Lipase |

CHOH + C,4H,3COOH —_— ?HOH + H,0
CHj, CHj,

Scheme 11.8 Synthesis of propylene glycol monolaurate from 1,2-propanediol and lauric
acid.

CH,OH
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glass vessel (how temperature was monitored in the experiments was not
mentioned). The synthesis of propylene glycol monolaurate was performed using
Novozym 435 (C. antarctica lipase B immobilized on polyarylic resin) under
conventional heating and microwave irradiation [19]. Reaction conditions were
optimized with respect to speed of agitation, catalyst loading, reactant mole
ratios, and effect of temperature under the microwave irradiation as well as
conventional heating. A synergistic effect was observed on reaction rate and
specificity of lipases with microwave irradiation as compared to conventional
heating. It was determined that there was no change in the reaction mechanism
but an enhancement of 2.84 times in the pre-exponential factor under microwave
irradiation at 60 °C with Novozym 435.

The synthesis of styrene oxide by lipase-catalyzed formation of perlauric acid
was carried out under conventional and microwave heating (Scheme 11.9) [20].
Microwave-assisted enzymatic perhydrolysis occurred, and both the overall
conversion and rate of reaction were higher with microwave irradiation than
under conventional heating. Various kinetic parameters affecting the conversion
and initial rates of styrene to styrene-oxide were studied including mass transfer,
mechanism, kinetic modeling, and deactivation. Under microwave irradiation,
Yadav concluded that there was an increase in the frequency factor resulting from
enhanced molecular collisions, which can in turn be attributed to the increasing
entropy of the system under microwave irradiation.

Lipase
CH3(CH,)4gCOOH + H,0, 5  CHj3(CH,)1,(COOOH 4+ H,O
Lauric acid Hydrogen peroxide Perlauric acid
HC=—CH, HC_CHZ

Styrene

+  CHg(CHp){COOOH —— » © +  CHg(CHy);,COOH

Perlauric acid Styrene oxide Lauric acid

Scheme 11.9 Synthesis of styrene oxide by lipase-catalyzed formation of perlauric acid.

Yadav and Lathi [21] also reported that the synthesis of n-butyl diphenyl methyl
mercaptyl acetate was performed using lipases (Novozym 435, Lipozyme RMIM,
Lipozyme TLIM, and Amano lipase PS-C 1 (PS-C)) under microwave irradia-
tion (Scheme 11.10). The studies were performed in a CEM-SP 1245 reactor with
a mechanical stirring and IR temperature sensor. The reactor was a cylindrical
glass vessel. Novozym 435 was found to be the best lipase for the reaction, with a
conversion rate of 34% in 24 h at 60 °C. The authors reported a ping-pong bi-bi
mechanism with substrate n-butanol inhibition at the higher concentration suit-
able for the reaction kinetics.
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SCH,COOH + CHOH ———— SCH,COOCH, + H,0

O Lipase O

DPMMAA (A) n-Butanol (B) BDPMMA (P) Water (W)
Scheme 11.10 Synthesis of n-butyl diphenyl methyl mercapto acetate.

The synthesis of isoniazid from ethyl isonicotinate and hydrazine hydrate in
nonaqueous media via lipase-catalyzed hydrazinolysis under both conventional
heating and microwave irradiation using different supported lipases was studied
(Scheme 11.11). The study was performed in a CEM-SP 1245 with mechanical
stirring at appropriate temperature and pressure control. Comparison of the
three lipases, Novozym 435, Lipozyme RMIM (Rhizomucor miehei lipase), and
Lipozyme TMIM (Thermomyces lanuginosus lipase), showed that Novozym 435
was the most effective, with a conversion of 54% for equimolar concentrations
at 50°C in 4 h. The rate of reaction and that of final conversion increased syner-
gistically under microwave irradiation in comparison with conventional heating,
which showed 36.4% conversion, even after 24 h, in a control experiment.

i
1l
C——0C,Hs C—— NHNH,
Lipase
+ NH,NHy, @ ——mm + C,HsOH
Ethyl isonicotinate Hydrazine Isoniazid

Scheme 11.11 Synthesis of isoniazide using lipase as a catalyst.

The effect of microwave irradiation on lipases has been reported using the
Discover series and other microwave applicators since 1996. On the other
hand, Wood et al. [22] showed noteworthy results of microwave-assisted lipase
reactions (Scheme 11.12). The lipase-catalyzed transesterification of methyl
acetoacetate in toluene as a solvent was studied using carefully controlled
conditions. Lipase acrylic resin from C. antarctica was used and microwave
reactions were conducted using the CEM Discover equipped with magnetic

o) o

(0] (0]
OH . M MeOH
MOMG-'— /\/ = O/\/ + e

Scheme 11.12 Lipase-catalyzed transesterification reaction of methyl acetoacetate.
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Table 11.1 Effect of microwaves on lipase-catalyzed transesterification reactions.

Entry Reaction conditions Product conversion (%)
1 Conventional heating 31
2 Microwave heating, no cooling 32
3 Microwave heating, air cooling 28
4 Microwave heating, cryogenic cooling 30

stirring. The temperature of the vessel was monitored using a calibrated “fiber-
optic probe” inserted into the reaction vessel by means of a sapphire immersion
well. The reaction vessels were either round-bottomed flasks or galls tubes. For
low-temperature reactions, a specially designed jacketed reaction vessel was
used through which a microwave transparent fluid was passed continuously by
means of a pump (CEM CoolMate). For these enzyme-catalyzed transformations,
no differences were detected between conventional and microwave heating
(Table 11.1).

Yadav and Borkar [23] employed Novozym 435 (C. antarctica lipase B immo-
bilized on polyacrylic resin) to synthesize citronellol acetate directly from cit-
ronellol and vinyl acetate under microwave irradiation and conventional heating
(Scheme 11.13). The reactions were performed in a CEM-1245. The reactor was a
120-ml capacity, fully baffled cylindrical glass vessel with provision for mechanical
stirring and 4.5-cm internal diameter. The authors concluded that lipase activity
increased under microwave heating, owing to enhanced collision of molecules and
reduction of the inhibition constant, and that microwave irradiation resulted in an
increase in the affinity of the substrate to the active site of lipase. They provided
suggestions for increasing the entropy of the system.

H,C,
CH,4 CH,
. H,C (0]
o + H,C—\ CH;  Lipase '8 + HC
O‘< - — an®
HoC HoC OH

OH [0}

Citronellol Vinyl acetate Citronellyl acetate Vinyl alcohol

H3C—\\
(6]
Acetaldehyde
Scheme 11.13 Synthesis of citronellyl acetate from citronellol and vinyl acetate.
Major et al. [24] synthesized the ethyl lactate by using an immobilized

candida antarctica lipase B (CALB) (Novozym 435) in IL under microwave
(CEM BenchMate microwave apparatus equipped with a magnetic stirrer and
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fiber-optic sensor). The enzymatic synthesis of ethyl lactate was achieved in IL
(Cyphos 104 and Cyphos 202). The microwave irradiation resulted in a shorter
reaction time (7 h) compared with the conventional conditions (24-h).

To assess whether non-themal microwave effects play a role in the biodiesel syn-
thesis, de Souza and coworkers demonstrated that microwave-assisted biodiesel
synthesis is catalyzed by Novozym 435 (Scheme 11.14) [25]. The transesterifica-
tions were performed at 40 °C, in both CEM Discover and Monowave 300 (Anton
Paar) systems, both of which allow accurate internal reaction temperature mea-
surements using fiber-optic probes. The results did not reveal any differences in
the reaction times or yields.

W Ethanol/cyclohexane w
x A OH  Lipase, 40 °C, MW A ; o

Scheme 11.14 Esterification reaction of oleic acid by Novozym 435.

Yadav and Thorat [26] reported that microwave-assisted lipase (Novozym 435)
catalyzed the synthesis of isoamyl myristate in a solvent-free system. A monomode
microwave instrument (CEM-SP 1245) was employed to maintain the desired
temperature at the set temperature within an accuracy of +1 °C (the temperature
measurement system was not described). The frequency of the microwave gen-
erated in the magnetron was 2455 MHz. Isoamyl myristate was successfully syn-
thesized from isoamyl alcohol and myristic acid (Scheme 11.15) via a solvent-free
esterification reaction under microwave irradiation. The authors claimed that this
solvent-free microwave-assisted enzymatic reaction followed a ping-pong bi—bi
mechanism.

OH Lipase
)\ﬁ P N NN + HO
OH 0 0

MW 60 °C

Scheme 11.15 Synthesis of isoamyl myristate by Novozym 435 in solvent-free system.

Ziaullah and Rupasinghe [27] reported an efficient microwave-assisted enzyme-
catalyzed regioselective synthesis of long-chain acylated derivatives of flavonoid
glycosides (Scheme 11.16). Reactions were performed by three methods: a 10—24-
hlong conventional method, a solution-phase method, and a solvent-free method.
In the microwave-assisted solution-phase method, the reaction mixtures were
irradiated for 120—-160s during 12-16 intervals (each interval of 10-20s) in a
CEM microwave reactor with an operating frequency of 2.5 GHz and a noncon-
tact IR temperature sensor. The temperature of the reaction was maintained at
45-60°C. In the microwave-assisted solvent-free method, flame-dried molecular
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Scheme 11.16 Reagents and conditions: (i)  (jii) Novozym 435, 4 A molecular sieves,

acetone, 4 A molecular sieves, Novozym 435,  45-60°C, microwave irradiation, 75-105s.
45-60°C, stirring, 18-24 h. (ii) Acetone, 4A  R=oleic, stearic, linoleic, a-linolenic, eicos-

molecular sieves, Novozym 435, microwave  apentaenoic (EPA), docosahexaenoic acids
irradiation, 45-60 °C, stirring, 120-160s. (DHASs), or their esters.

sieves along with four sufficient intervals of time (approximately 75-105s in 5-7
intervals (15 s each)) were used and the temperature was maintained at 45—60°C.
Microwave irradiation under solvent-free conditions was found to be more effi-
cient than conventional conditions.

Shinde and Yadav [28] recently synthesized alkyl benzoate esters using
Novozym 435 as a biocatalyst under the synergistic effect of microwave irra-
diation. The CEM-1245 model was employed to perform enzymatic reactions
under microwave irradiation. The experimental system is shown in Figure 11.1.
The synthesis of n-hexyl benzoate employed a model reaction (Scheme 11.17).
The optimized kinetic parameters were 300 rpm speed of agitation, n-hexane as
the solvent, 0.02-gcm™3 Novozym 435 loading, and 60 °C temperature. Under
microwave synergism, an increase in initial rates up to 6.5-fold was observed.
The authors found that the reaction followed a ternary complex ordered bi—bi
mechanism with inhibition by n-hexanol.

Sontakke and Yadav [29] performed the synthesis of ethyl 2-(4-aminophenyl)
acetate using Novozym 435 in toluene as a solvent under microwave irradiation
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Figure 11.1 Experimental setup for lipase-  (3) glass stirrer, (4) Remi’s lab stirrer, (5) com-

catalyzed methyl benzoate transesterifi- puter control unit, and (6) Remi’s speed reg-

cation under microwave heating. (1) CEM ulator. (Reproduced from Ref. [28]. Copyright
microwave reactor, (2) glass slurry reactor, 2014 by American Chemical Society.)

O o}
Novozym 435
o +HO A~~~ —>y 07 >N+ CHOH
Microwave
Methyl benzoate n-Hexanol n-Hexyl benzoate

Scheme 11.17 Novozym 435 catalyzed synthesis of n-hexyl benzoate.

(CEM-SP 1245) and conventional heating (Scheme 11.18). Reaction parameters
such as speed of agitation, temperature (40, 50, 60, and 70 °C), catalyst (Lipozyme
TLIM, Lipozyme RMIM, and Novozym 435), enzyme loading, and mole ratio
of the reactants were optimized. As a result, a synergistic effect of microwave
irradiation and lipases on reaction rate was observed in comparison with con-
ventional heating. The authors concluded that the reaction followed a ping-pong
bi—bi mechanism.

C(O)OH Microwave C(O)OC,H;
+ C,HOH —MM > + H,0
Lipase
H,N H,N
4-Aminophenylacetic acid Ethyl 2-(4-aminophenyl) acetate

Scheme 11.18 Lipase-catalyzed synthesis of ethyl 2-(4-aminophenyl)acetate.
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11.3.2
Enzymatic Resolution

Yu et al. investigated the enzymatic resolution of (R,S)-2-octanol with vinyl
acetate as the acyl donor through transesterification under microwave irradia-
tion. A CEM-SP 1245 model was used as the microwave reactor (Scheme 11.19)
[30]. The reaction temperature was controlled to +1°C with the use of an
IR temperature system. It was found that the activity and enantioselectivity
of Novozym 435 was enhanced dramatically under microwave irradiation
(see Table 11.2). Increased thermal stability and reusability of Novozym 435
under microwave irradiation was also observed. Under optimum conditions,
(S)-2-octanol was obtained at 50.5% conversion with 99% enatiomeric excess in
2 h under microwave irradiation.

Yu et al. [31] used lipase from Pseudomonas sp. Lipase (PSL) for sequential
kinetic resolution of (R,S)-2-octanol under microwave irradiation (Scheme 11.19).
The supports for immobilization of the catalysts were screened and SBA-15 was
selected for PSL immobilization. Microwave reactor CEM-SP 1245 was employed
with a noncontact IR temperature system and contained a reaction chamber
composed of cylindrical quartz vessels. The E value of the immobilized PSL was
increased from 23 to 40 under conventional heating, with microwave irradiation
for the resolution of (R,S)-2-octanol (Table 11.3). The immobilized catalysts were
then used in sequential kinetic resolution of (R,S)-2-octanol under microwave
irradiation after optimizing the reaction media (Scheme 11.19). Under optimal
conditions (R,S)-2-octanolacetate was obtained at 99% enantiomeric excess with
84% yield in 2 h.

OH /\OJ\ OH

\M)\ ! ?AC
SN NN TN
+

Immobilized PSL

(R,S)-2-octanol (S)-2-octanol (R)-2-octanol acetate

Scheme 11.19 Resolution of (R,S)-2-octanol by the immobilized PSL.

Table 11.2 Comparison of enzyme activity under microwave and conventional heating.

Substrate Microwave irradiation Conventional heating
Enzyme activity E value Enzyme activity E value
(umol min—"mg~") (umol min—"mg~")
(R)-2-Octanol 202.80 332 65.5 109
(S)-2-Octanol 0.64 — 0.47 —

(R,S)-2-Octanol 203.25 328 66.18 104
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Table 11.3 Comparison of both activity and enantioselectivity of Novozym 435 in transes-
terification under microwave irradiation and conventional heating.

Conventional heating Microwave irradiation

Time (h) Conversion (%) ee, ee, Evalue Time(h) Conversion (%) ee; ee E value

16 33.0 43 88 — 0.5 224 27 94 —
32 45.8 70 85 23 1 36.9 54 92 40
48 54.9 92 75 — 2 55.8 99 78 —

Bachu et al. [32] studied the influence of microwave irradiation on the lipase-
catalyzed kinetic resolution of racemic secondary alcohols (Scheme 11.20).
Novozym 435 was used as a biocatalyst. p-Chlorophenyl acetate was used as
the acyl donor and toluene as the solvent. The reaction mixture was stirred
at 60°C in a microwave reactor (CEM Discover) at 70 W at various times.
The systems (+)-1-phenyl-1-propanol (1), ()-1-(4-bromophenyl)-propan-1-ol
(3), (#)-1-phenylbut-3-en-1-ol (5), and (+)-3-bromo-2-(2-hydroxypropyl)-1,4-
dimethoxy-naphthalene (7) were successfully resolved into their respective
(S)-alcohols and (R)-esters, with good enantiomeric excess. Resolution of
()-ethyl-5-(4-methoxybenzyloxy)-3-hydroxypentanoate (9) into (R)-alcohol
and (S)-ester was successful by this method. In addition, microwave-assisted
lipase transesterification of meso-symmetric diol 11 affected desymmetriza-
tion to ester 12 with high enantiomeric excess. The conversion value for the

i X
OH  Lipase, toluene, 13, 60 °C OH )O\J\CHs o CH,
R™* R’ Microwave, 70 W R™*R" R™* R
or
conventional heating 13
Cl
Acyl donor
OMe
Br
©)\/ /@)\/ ©)\/\ OO OR
= 3R=H 5R=H OMe 7R=H
= COCHjs 4 R =COCHjs 6 R = COCH3; 8 R=COCH;
OR O OR
/©/\ O/\)\/u\o/\
9R=H
M
e0 10 R = COCH; NR=H

OH 12 R =COCHg3;

Scheme 11.20 Lipase-catalyzed kinetic resolution of racemic secondary alcohols.
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microwave-assisted lipase kinetic resolution of secondary alcohols was higher
than that obtained using conventional heating.

Parvulescu et al. [33] applied microwave irradiation to the racemization
and dynamic kinetic resolution (DKR) of primary benzylic amines. Microwave
reactions were performed in a CEM Discover reactor and magnetically stirred.
Temperature control was ensured with a vertically focused IR temperature sensor.
Racemization reactions catalyzed by 5% Pd/BaSO, and 5% Pd/CaCO; were faster
and more selective when performed under microwave conditions. The use of
microwave irradiation inhibited the formation of side products, such as secondary
amines and ethylbenzene. The authors proposed that this result was associated
with the selective heating of the metal sites under microwave heating. The use of
microwave irradiation for kinetic resolution showed no influence on the activity
and enantioselectivity of immobilized C. antarctica lipase B. The racemization
catalysts were combined in one pot with the biocatalyst Novozym 435 to perform
the DKR of benzylic amines under microwave irradiation (Scheme 11.21).
Microwave irradiation proved to be an efficient tool for the racemization and
DKR of chiral benzylic amines over Pd on alkaline earth metals and lipases.

o 0]

NH, )J\ NH, HN )k R
RO R =
j\ N -
Ph Ph Ph

Enzyme

| |

Racemization catalyst

Scheme 11.21 Dynamic kinetic resolution of 1-phenylethylamine.

To probe the existence of nonthermal microwave effects, Kappe et al. [34] per-
formed the lipase-catalyzed kinetic resolution of rac-1-phenylethanol with vinyl
acetate as an acyl donor and cyclohexane as solvent under microwave dielectric
heating and conventional heating (Scheme 11.22). Reactions were conducted at
40°C in dedicated reactor setup that allowed accurate internal reaction temper-
ature measurements with fiber-optic probes. Five immobilized lipases (Novozym

o
OH )OI\ OH Q)l\Me
/\O Me H
Me Me Me
Solvent, lipase *
MW

Scheme 11.22 Enzyme-catalyzed kinetic resolution of rac-1-phenylethanol.
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435, Amano PS-C1, Amano AK, Amano, Novozym TL IM, Novozym RL IM) were
examined. The observed reactivities and enantioselectivities in microwave and
conventional heating were identical. Kappe et al. concluded that the change in
both activity and selectivity of the immobilized lipases under irradiation was not
observed.

Yadav and Devendran [35] studied the microwave-assisted lipase-catalyzed
kinetic resolution of 1-(1-naphthyl) ethanol via transesterification with vinyl
acetate in nonaqueous media (Scheme 11.23). A CEM-SP 1245 model microwave
reactor, with a cylindrical glass vessel and mechanical stirring, was used. Three
lipases (Novozym 435, Lipozyme RMIM, and Lipozyme TLIM) were employed.
The reaction and conversion rates were enhanced under microwave irradiation
compared with those of conventional heating. The maximum conversion of
47.74% with 90.05% enantioselectivity was obtained in 3 h using 30-mg enzyme
loading with equimolar concentration of alcohol and ester at 60°C under
microwave irradiation.

H,C, _OH
H;C OH
-1-(Naphthalen-1-yl)ethan-1-ol
% Novozym 435 (S)-1-(Naphthalen-t-yhethan-1-ol /J\
H

AN PN — H:C OH
* HC o CHs n-Heptane, MW
2 ptane, Acetaldehyde
Vinyl acetate
1-(Naphthalen-1-yl)ethan-1-
ol

(R)-1-(Naphthalen-1-yl)ethan-1-ol

Scheme 11.23 Lipase-catalyzed kinetic resolution of (R,S)-1-(1-naphthyl)ethanol.

In addition, enantioselective resolution of DL-(+)-3-phenyllaceric acid using
Novozym 435 under microwave irradiation was studied by Yadav and Pawar [36]
(Scheme 11.24). Microwave applicator was CEM-SP 1245 model. To hold the
constant temperature, microwave power was carried out 30-40W (however,
temperature measurement methods were not described). The effect of tempera-
ture on activity of Novozym 435 was attempted in the range of 40, 50, 60, 70 °C
by conventional heating and microwave irradiation. The overall conversion was
higher under microwave irradiation compared to conventional heating. On the
other hand, the microwave effect for enantioselectivity was not shown.

COOH COOH

Lipase

OH Mw OH

DL-(+)-3-Phenyllactic acid L-(-)-O-Acetyl-3-Phenyllactic acid D-(+)-3-Phenyllactic acid

Scheme 11.24 Enzymatic resolution of dI-(+)-3-phenyllactic acid.
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Devendran and Yadav [37] performed the microwave-assisted enzymatic kinetic
resolution of (+)-1-phenyl-2-propyn-1-ol in nonaqueous media (Scheme 11.25).
This microwave study used a CEM-SP 1245 and Novozym 435 as biocatalyst. The
authors showed that microwave irradiation results in increased affinity of the sub-
strate to the active site of lipase and enhances the collision frequency of reactant
molecules, thus resulting in increased entropy of the system. The maximum con-
version of 48.78% was obtained in 2 h using 10-mg enzyme loading with equimolar
concentrations of alcohol and ester at 60 °C under microwave irradiation. From
progress curve analysis, the authors concluded that the reaction followed the ping-
pong bi—bi mechanism with dead-end inhibition of alcohol.

o
9)\%
OH ©/\CH
o Novozym435 (R)-1-Phenylpropagyl acetate o]
NV * /\ )\ | /J\
ey Z o n-Hexane, MW QH H
Acetaldehyde
1-Phenylpropagy! alcohol Vinyl acetate » %
CH

(S)-1-Phenylpropagyl alcohol

Scheme 11.25 Lipase-catalyzed transesterification of (R/S)-1-phenylpropagyl alcohol with
vinyl acetate.

1133
p-Glucosidase, -Galactosidase

To clarify the microwave effects during the biocatalysis, Young and coworkers
[38] attempted the microwave-assisted enzymatic catalysis (B-glucosidase,
a-galactosidase, and carboxylesterase) in an aqueous environment. A f-
glucosidase (CelB) from Pyrococcus furiosus catalyzed the digestion of
exoglycosidic linkages. The reaction mixtures were applied until the reac-
tion temperature reached 40 °C (CEM CoolMate; temperatures were measured
using a fiber-optic sensor). As a result, an increase in the enzymatic activity of
Pfu CelB of greater than four orders of magnitude was achieved using 300 W of
microwave irradiation.

Elling and coworkers [39] reported that the synthesis of nucleotide activated
oligosaccharides by transglycosylation with p-galactosidase from Bacillus circu-
lans with the application of both microwave and conventional heating. The CEM
Discover microwave synthesizer was employed with an FO temperature control
system. To effectively cool the reaction mixture, a CEM CoolMate Accessory Sys-
tem was used. The enzymatic hydrolysis of the product was significantly decreased
under microwave irradiation leading to stable product formation. The authors
demonstrated that the obtained yields and absence of product hydrolysis under
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microwave irradiation could be explained by the time-dependent activation and
inactivation of the p-galactosidase.

11.34
Aldolase

Xie et al. [40] studied the immobilization technique of 2-deoxy-D-ribose-5-
phosphated aldolase (DERA) on mesocellular siliceous foams under consecutive
microwave irradiation at low temperature. Aldolase catalyzes the aldol reaction
between the two aldehydes. The consecutive irradiations were induced by
controlling the temperature using a Discover CoolMate coupled with a cooling
module (the method of temperature measurement was not described). At an
output power of 30 W, 88.4% of the enzyme was immobilized after 3 min,
and the specific activity of the immobilized DERA was 2.24 Umg™!, which is,
149.2% higher than that of free aldolase and 157.0% higher than that of the
nonmicrowave-assisted immobilized enzyme.

11.4
Mechanism of the Microwave-Assisted Enzymatic Reaction

Collins and Leadbeater [41] hypothesized that the microwave effects on enzy-
matic digestion might be because of the increased dipole moments of the a-helices
of proteins. They illustrated the relationship between the dipole moment of the
a-helix and the three-dimensional structure of the protein (Figure 11.2). The
authors speculated that if the microwave energy interacts with the dipole of

Figure 11.2 Dipole movement across o-helices and interaction with microwave radiation.
(Reproduced from Ref. [41]. Copyright 2007 by Royal Society of Chemistry.)
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a-helix, the perturbation of the protein structure could facilitate the digestion of
the previously enclosed areas of the protein.

To understand enzyme stabilization and activity in ILs, Campbell et al. [42]
examined the effects of IL properties on lipase stabilization under microwave irra-
diation. The transesterification of ethyl butyrate and 1-butanol was performed
using Novozym 435, which was a thermal lipase B from C. antarctica (CALB)
immobilized on acrylic resin in ILs under microwave heating (Figure 11.3). A
Discover LabMate equipped with both an IR temperature probe and pressure-
monitoring sensor was used as the microwave reactor. No superheating of the
enzyme’s surface or rate enhancement was observed under microwave irradiation.
The authors suggested a model of water-induced superheating mechanism on the
free or immobilized enzyme in dry media (Figure 11.3a) or in a small amount of
dispersed water (Figure 11.3b). The authors concluded that the effect of microwave
irradiation on the enzyme could be explained by the superheating of the water
layer near the enzymes surface.

Microwave technology has been used for enzymatic protein digestions in the
proteomics. In 2012, to reveal nonthermal microwave effects in proteomics,
Kappe et al. [43] re-valuated the tryptic digests of three proteins (i.e., bovine
serum albumin (BSA), cytochrome ¢, and fp-casein) at 37 and 50°C under
both microwave and conventional heating. Furthermore, they simulated the
tertiary structure of trypsin and BSA in an electromagnetic field. A Monowave
300 single-mode microwave reactor (Anton Paar) equipped with a fiber-optic
thermometer was used. The effect of microwave irradiation on protein degra-
dation was analyzed by SDS-PAGE and MALDI-TOF-MS. A comparison of
BSA digestion under microwave irradiation with that under conventional heat-
ing is shown in Figure 11.4, which was created using PyMOL software. The
results of their combined experimental and computational studies revealed that
neither the enzyme stability itself nor the tryptic digest was directly affected
by the electromagnetic field. They concluded that an incorrect temperature

Enzyme Enzyme
particle particle
Bulk solvent Bulk solvent
(a) (b)
Figure 11.3 lllustrations of water-induced enzyme particle is surrounded by a layer

superheating mechanism: (a) the free or
immobilized enzyme particle is surrounded
by a layer of water molecules while the
bulk hydrophobic solvent is dry; and (b) the

of water molecules while the bulk solvent
contains a small amount of dispersed water.
(Reproduced from Ref. [42]. Copyright 2009
by Elsevier.)
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led to the erroneous conclusions about the non-thermal effects observed in
microwave-assisted proteomics experiments.

Suzuki et al. [44] described a method for evaluating protein hydration in an
aqueous solution using microwave dielectric measurements. The measurements
were carried out using a precision microwave network analyzer and a ther-
mostated glass cell at 20.0 + 0.01 °C with an open-end flat-surface coaxial probe.
The measured proteins were cytochrome ¢, myoglobin, ovalbumin, BSA, and
hemoglobin. The dependence of the relative complex permittivity of a BSA on
the microwave frequency was measured in the frequency range of 0.2 to 20 GHz.
The Cole-Cole plot of the complex dielectric constant of BSA in water or buffer
indicated that the Debye fittings were made in the frequency range 2.5-8 GHz
based on the considerable observed effects of ionic conduction.

Shimizu and coworkers [45] reported the efficiency of microwave irradiation
at 2.45 and 5.80 GHz in the hydrolysis reaction of thermostable p-glucosidase
HT1. Microwave heating was performed using EYELA MWS-1000 (2.45 GHz)
and Amil ATMW500B-(5.8 GHz) microwave reactors. 4-Methoxyphenyl
glucopyranoside was employed as the substrate for p-glucosidase HT1. Three

Figure 11.4 Comparison of time-dependent 37 °C are shown in red while additional frag-

BSA digestion under conventional and ment generated after 16 h at 37 °C are high-
microwave heating illustrated using the lighted in blue. (Reproduced from Ref. [43].
PyMOL software. The tryptic peptides Copyright 2012 by Elsevier.)

obtained after a 5-min heating period at
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types of heating (i.e., conventional heating, 2.45 GHz, and 5.8 GHz, during =60
min) were compared at four different temperatures. The results indicated that
heating with the 2.45-GHz microwave was more effective than conventional
heating, this method lowering the optimum temperature and accelerating
the reaction. In contrast, the use of 5.80-GHz microwave irradiation did not
improve this reaction. To determine the cause of this difference, relative complex
permittivity was measured from 200 MHz to 14 GHz using the reflection probe
method. The approximate curve (distilled water) was semicircular at all measured
frequencies, which suggesting that pure water behaved only as a dielectric under
microwave irradiation. On the other hand, the buffer solution results indicated
the rectilinear locus as an electric conductor from 200 MHz to 2.45 GHz and the
semicircular locus as dielectric from 2.45 to 14 GHz. Concerning the heating
mechanism, the authors suggested that 5.8 GHz microwave irradiation affected
only the water molecules in buffer solution, whereas the 2.45 GHz irradiation

affected both water molecules and buffering ions.
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Effects of Microwave Activation in
Hydrogenation-Dehydrogenation Reactions
Leonid M. Kustov

12.1
Introduction

The activation of heterogeneous catalysts, both at the stage of their preparation
and during the application, is of the greatest importance for increasing the activ-
ity and selectivity of catalytic processes. Traditional methods for the activation of
heterogeneous catalysts, such as thermal treatment and oxidation or reduction at
high temperatures in a medium of various gases, often do not provide the neces-
sary catalyst activity, selectivity, or stability, because such treatments generate a
wide spectrum of active centers of various natures and strengths, including active
centers that catalyze undesirable side reactions. Currently, the catalysts differing
from systems used earlier by more complex composition and organization of the
structure and active centers at the molecular level, as well as polyfunctionality of
action, find ever-increasing application in industry. This makes the problem of the
development of new nontraditional methods of their activation and regeneration
still more important.

If microwave (MW) activation is used in catalytic processes, it should be taken
into account that the objects of study are nonuniform multiphase systems, includ-
ing catalysts and gases (that can dissociate or be polarized at the catalyst surface)
in which volumetric structural and property changes occur under the action of
electromagnetic radiation. The main idea of microwave catalysis is to exert volu-
metric controllable electromagnetic action on the catalyst—reagent system. This
action should change the state of the system and increase the effectiveness of the
work of catalysts, the selectivity of substrate conversion into valuable products,
and catalyst stability. One of the main directions toward solving this problem is a
decrease in the temperature and other reaction parameters by process execution
under mild conditions in an electromagnetic microwave field with the retention
of or increase in process efficiency.

Clearly, the use of microwaves in catalysis will be developed in two directions.
The first direction is related to the preparation and preliminary activation of
catalysts with the use of microwaves for traditional reactors, where heating is
performed by traditional (thermal) methods. The second direction is the in situ

Microwaves in Catalysis: Methodology and Applications, First Edition.
Edited by Satoshi Horikoshi and Nick Serpone.
© 2016 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2016 by Wiley-VCH Verlag GmbH & Co. KGaA.
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action of microwaves on catalysts and reaction media (if they absorb microwaves)
during the catalyzed chemical reactions.

The use of microwave action on heterogeneous catalysts during their prepara-
tion sometimes allows one to design the catalysts with a more uniform distribution
of active sites or metal nanoparticles, to accelerate the procedure of catalyst prepa-
ration, and to achieve a uniform catalyst volume heating. With catalysts consisting
of several phases, the replacement of traditional heating by microwave heating can
contribute to the preferable formation of separate phases. When microwave acti-
vation is used during a catalytic reaction, a decrease in the reaction temperature,
an increase in the activity or selectivity, and a change in the distribution of reac-
tion products are often observed. A comparison of traditional conditions with the
microwave regime is, however, not always possible because of difficulties related
to true process temperature measurements in the latter case.

This chapter covers reactions in which hydrogen participates as a starting
reagent (hydrogenation) or as a product (dehydrogenation).

12.2
Specific Features of Catalytic Reactions Involving Hydrogen

Processes involving hydrogen are considered separately from other chapters,
because of the very specific interaction of hydrogen with catalysts. First, hydrogen
can reduce metal ions or oxides to the metallic state and it is known that the elec-
trophysical properties of the metal salts or oxides are very much different from
zero-valent metal, especially when the metal is present as nanoparticles. Second,
when the metal exists as an M° species, dissociation of hydrogen may occur on
the nanoparticle surface, which may change dramatically (usually, enhance) the
electrophysical properties of the metal nanoparticles. Finally, the effects of hydro-
gen spillover from the metal to the oxide or carbon carrier are possible, and this,
in turn, is reflected in the ability to absorb the microwave energy. Conductivity
and related Ohmic losses determine one of the microwave heating mechanisms
that can operate in the catalytic systems used in hydrogenation processes. When a
microwave field acts on a medium containing mobile charge carriers, conductivity
currents appear in the system. For high-conductivity materials (catalysts), there
are such conductivity values that conductivity loss is much larger than dipole
relaxation effects. For the worst case from the point of view of application of MW
activation, for example, aluminum oxide known to be a poor MW-absorbing
material, the conductivity loss at room temperature becomes noticeable at low
MW frequencies only. The loss in the microwave range occurs largely because of
dipole relaxation. The conductivity of a material typically increases as the temper-
ature increases, and the fraction of the conductivity loss in the microwave range
increases and becomes comparable with the polarization effects. An increase
in the conductivity of alumina as the temperature rises is related to the thermal
activation of electrons, which are excited from the 2p oxygen valence band to the
3s3p conduction band. In addition, as a rule the electronic conductivity increases
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Table 12.1 Temperature of the solvent (50 ml) achieved by MW heating at 560 W, 2.45 GHz,
1 min (the starting temperature was 27 °C).

Solvent T (°Q) Boiling point (°C)
‘Water 81 100
Methanol 65 65
Ethanol 78 78
1-Propanol 97 97
1-Butanol 109 117
1-Pentanol 106 137
1-Hexanol 92 158
1-Chlorobutane 76 78
1-Bromobutane 95 101
Acetic acid 110 119
Ethyl acetate 73 77
Chloroform 49 61
Acetone 56 56
Dimethylformamide 131 153
Dimethyl ether 32 35
Hexane 25 68
Heptane 26 98
ca, 28 77

in the presence of defects, which create additional levels in the band-gap. The
concentration of defects can also increase substantially at high temperatures.

In the case of hydrogenation reactions, the process can be performed in the gas
phase or in a solvent, so that the choice of a solvent is no less important to gain
the best performance under MW conditions than the choice of a catalyst. The
electrophysical properties of organic substances that are often used as solvents in
organic syntheses, including hydrogenation reactions, are well known. Table 12.1
presents the data on the heating efficiency of different solvents. The best solvents
from the point of view of MW energy absorption are indicated in bold.

Table 12.2 summarizes the data on dielectric constants and dielectric loss tan-
gent, which is related to the ability of a compound to absorb the MW energy.
Again, the most suitable solvents for MW conditions are marked in bold. It follows
from these data that polar solvents should be considered as solvents of choice, but
the temperature range where this particular solvent exists as a liquid (below the
boiling point) should be taken into account. Therefore, the use of methanol and
ethanol is not recommended, whereas propanol and butanol are better solvents,
unlike higher alcohols that become less polar.

Water is a benign and green solvent, but its use is also limited by the solubility
of the substrate to be hydrogenated and that of the hydrogenated product as well
as by the solubility of hydrogen; finally, the temperature range for aqueous sys-
tems is also limited to 100 °C. The best solvents seem to be dimethylformamide,
dimethylsulfoxide, acetic or formic acids, and C;—C, alcohols.
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Table 12.2 Dielectric constants and dielectric loss tangent for some solvents.

Solvent Dielectric constant (¢’) Dielectric loss tangent (tan 5§ =¢"'/¢’)
Hexane 1.9 —
Benzene 2.3 —
Carbon tetrachloride 2.2 —
Chloroform 4.8 0.091
Acetic acid 6.1 0.174
Ethyl acetate 6.2 0.059
Tetrahydrofuran 7.6 0.047
Methylene chloride 9.1 0.042
Acetone 20.6 0.054
Ethanol 24.6 0.941
Methanol 32.7 0.659
Acetonitrile 36.0 0.062
Dimethylformamide 36.7 0.161
Dimethylsulfoxide 47.0 0.825
Formic acid 58.0 0.722
‘Water 80.4 0.123

The operating frequency is another important characteristic that should be
tuned while properly designing the MW -activated catalytic process. Once the best
solvents are selected, it is important to compare their electrophysical properties
at different MW frequencies. Table 12.3 presents some data for organic solvents
of choice in comparison with water. It is seen that the dielectric loss tangent
(the ratio €’/¢’) for water and methanol increases with increasing operating
frequency, while for ethanol and propanol it passes through a maximum. For
ethylene glycol, the increase of frequency results in an increase in the loss tangent,
but after reaching 10 GHz, the efficiency of heating starts to diminish. Therefore,
the most efficient operating frequency for the MW processes should be perfectly
tuned taking into account the choice of solvent.

Table 12.3 Electrophysical properties of solvents.

Solvent Frequency (Hz)
3x108 3x10° 1% 10"

E, gll gl gll E, gll
Water 77.5 1.2 76.6 12.0 55.0 29.7
Methanol 30.9 2.5 23.9 15.3 8.9 7.2
Ethanol 22.3 6.0 6.5 1.6 1.7 0.11
n-Propanol 16.0 6.7 3.7 2.5 2.3 0.20
Ethylene glycol 39 6.2 12 12 7 5.5
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Table 12.4 Comparison of MW heating of water and the ionic liquid BMIM-BF,,.

Power (absorbed) (W) Maximum temperature
that can be reached (°C)

H,0 BMIM-BF,
3 39 71
5 87 128
7 100 152

Ionic liquids, which are near-ambient temperature molten salts consisting of
an organic cation (typically, imidazolium, pyridinium, alkylammonium, etc.) and
typically (but not necessarily) an inorganic anion (BF,~, PF,~, NTf,~, HSO,",
etc.), provide new insights into the MW-stimulated reactions occurring in
solution, because they demonstrate much more efficient heating under MW
irradiation compared to water and other organic solvents. Table 12.4 presents
our data on heating one of the ionic liquids, BMIM-BF, (BMIM denotes 3-butyl-
1-methylimidazolium) in comparison with water in an MW resonator (a 100%
efficiency of MW absorption) at low power levels.

The choice of catalyst, or carrier for the catalyst that is intended to be used in the
MW -assisted process, is most important. Even the carrier can be chosen in such a
way that the performance under MW conditions and the efficiency of heating can
be quite different. Efficiencies of some solid materials, with some being suitable as
carriers or catalysts for the MW processes, are presented in Table 12.5 (with most
well-absorbing materials presented in bold).

Table 12.5 Maximum temperature of heating solid materials in MW fields (25 g, initial tem-
perature 20 °C, household MW oven, power 1kW, frequency 2.45 GHz).

Solid Temperature Timerequired toreach Solid Temperature Time required to reach this

(°Q) this temperature (min) (°Q) temperature (min)

Al 577 6 CeO, 99 30
C 1283 1 CuO 701 0.5
Co;0, 1290 3 Fe,O4 88 30
CuCl 619 13 Fe;0, 510 2

FeCl, 41 4 La, 04 107 30
MnCl, 53 1.75 MnO, 321 30
CaO 83 30 PbO, 182 7

Ni 384 1 Pb;0, 122 30
NiO 1305 6.25 SnO, 102 30
SbCl, 224 1.75 TiO, 122 30
SnCl, 476 2 V,0, 701 9

ZnCl, 609 7 WO, 532 0.5
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Table 12.6 Power required to heat some representative catalysts to 100 °C.

Catalyst Input power required to heat the sample to 100 °C (W)
Argon Benzene Hydrogen Benzene + hydrogen

Pt/Al,O,4 >2000 800 800 800

Pd/TiO, >500 20 20 20

Pt/C 8 5 5 7

Obviously, the carbon materials and mixed transition metal oxides with good
conductivity, or at least semiconductors, should be preferred as carriers with
other parameters being the same, provided of course that the carrier does not
catalyze side reactions. Table 12.6 presents the data on the effective power
required to heat the chosen catalysts with different electrophysical properties by
100 °C in different reaction media (our own data obtained with a 2.5 kKW MW flow
setup).

While designing the MW reactor, especially, for gas-phase processes, attention
should be given to the distribution of the electromagnetic field in the catalyst
bed, in order to reach the maximum enhancement of the MW irradiation effi-
ciency (a decrease in reaction temperature, decrease in the reaction duration, and
improvement of selectivity by suppressing side reactions).

The thermodynamics of the reaction (endothermic or exothermic) is a crucial
factor in designing the reactor system. Hydrogenation reactions are known to be
characterized by moderate to high exothermicity, whereas dehydrogenation reac-
tions require energy consumption (are endothermic).

The theoretical analysis of the utilization of MW radiation with the aim to
decrease energy consumption in endothermic processes has been the subject
of a study [1]. The use of microwave was shown to significantly save energy (up
to 60%) with a proper design of the reactor. The efficient use of a metal-coated
surface of the reactor can help to enhance energy savings for reactors with
2L/Ng = 0.5n-0.25, where n=1,2,3, ... ,2L is the dimension of the reactor,
and A4 is the MW wavelength. The energy saving increases by factors of 2 and
1.5at 2L/ A 4=0.25 and 0.75, respectively.

12.3
Hydrogenation Processes under MW Conditions

Hydrogenation and dehydrogenation processes typically occur with the par-
ticipation of nonpolar hydrocarbon molecules though several examples are
known in the state of the art related to the hydrogenation of polar groups
(such as nitro and nitrile groups) mediated with microwave irradiation. Unlike
the conversion of polar organic molecules, the transformation of nonpolar
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hydrocarbon compounds via hydrogenation or dehydrogenation routes cannot
gain the advantages of dipolar polarization, which is the most commonly used
practice in organic syntheses occurring under MW conditions. Hydrocarbons
are not polarizable and therefore do not absorb MW energy. The only way to
use the benefits of the MW activation is the application of catalysts that are
capable of absorbing the MW energy and thus can enhance the performance
under MW conditions. At this stage, it is relevant to discuss some recent liter-
ature data on the hydrogenation of diverse substrates on catalysts of different
nature. This is a sketch-wise overview of the most representative examples of
the use of MW irradiation in catalytic processes, rather than a comprehensive
collection of all available data. Some MW -assisted reactions involving hydrogen
have been discussed in the review of Ref. [2]. In the last few years, several
reviews on catalytic hydrogenations have given a thorough overview of modern
green and efficient processes; a collection of studies of reactions promoted by
MW have been published [3-5]. A few reports also compared MW -promoted
hydrogenation with other nonconventional techniques, such as ultrasound
activation [6].

Before discussing hydrogenation—dehydrogenation processes, it is worth
paying some attention to the hydrodechlorination process, which is not strictly a
hydrogenation process, but rather a substitution reaction where chlorine atoms
are substituted for hydrogen atoms. In the study of Ref. [7], and in several other
publications by the same authors, microwave activation of the Pd—Fe/Al,O,
catalyst of hydrodechlorination has been investigated. The size of supported
metal nanoparticles increased under the action of microwaves, with metal
particles forming alloys. An increase in the activity of reduced catalysts for
the hydrodechlorination of chlorobenzene was discovered under MW condi-
tions compared to the thermal process. Similar results were observed for the
microwave-irradiated Pd/Al,O; and Pd/SiO, catalysts of the hydrogenation
of benzene. The same effects were found for the Pd/Nb,O; catalyst of the
hydrodechlorination reaction [8].

Microwave heating was also used to perform other reactions, namely (i) the
hydrogenation of chlorinated aromatics on Pd/C [9] and (ii) the hydrogenation of
olefins [10]. Examples of the successful use of microwave radiation in the hydro-
genation of alkenes and hydrogenolysis of alkanes are given in Ref. [11], as well as
in the reactions of hydrogenation and hydrocracking of other hydrocarbons [12,
13]. Positive effects of the in situ microwave activation were also reported by Wan
et al. in the hydrogenation of alkenes [11].

Hydrogenation reactions under MW activation were the subject of the Euro-
pean project devoted to microwave-, acoustic-, and plasma-assisted syntheses
(MAPSYN) that aimed at the selective hydrogenation of triple bonds and nitro
compounds assisted by microwaves using a Lindlar-type catalyst (Eq. (12.1)) [14].
Hydrogenation of aromatics, as well as debenzylation, azide hydrogenation, and
the hydrogenation of strychnine were studied in a high-pressure MW reactor at
pressures up to 25 atm [15]:
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Lindlar, H,

- H_H
— /-

Lindlar, H, H H

(12.1)

A series of electron-deficient alkenes was investigated in terms of efficient
hydrogenation with a hydrogen donor supported on an ion-exchange resin and
in the presence of Wilkinson’s catalyst [10]. Fast and efficient hydrogenation
over a Pd/C catalyst was also reported [16]. Deprotection of benzyl ethers and
carboxybenzyl amides on a Pd/C catalyst turns out to be very efficient with 1,4-
cyclohexadiene as the hydrogen transfer agent. The duration of the MW -assisted
reactions was just 5min at 100°C. Pd/C also proved to be active in the hydro-
genation of furfural in water at MW conditions [17]. Even low-loaded copper
nanoparticles (0.5wt%) on mesoporous silicates showed a very high efficiency
in the hydrogenation of carbonyl compounds [18]. Substituted aromatic ketones
and aldehydes were converted with a 100% yield of hydrogenated products
within 5—10 min.

Another study compared the MW-assisted with the ultrasonically enhanced
hydrogenation transfer of aromatic ketones using glycerol as the hydrogen transfer
agent; also compared was the MW and ultrasound (US) performance with conven-
tional heating, with both the MW and US approaches showing the intensification
of the process (Eq. (12.2)) [19]:

OxR  [M25mol%, HO-_R
KOH, glycerol
—_—

Qil bath,
MW or US

R=-Hor —CH3 (122)

Glycerol can also be simultaneously used as both a solvent and a hydrogen
donor in transfer hydrogenation of benzaldehyde catalyzed by carbonyl-
chlorohydridotris(triphenyl-phosphine)ruthenium(II) [20]. Compared with
traditional reflux heating, the reaction under MW irradiation was characterized
by an improved turnover rate that increased from 280 to 6700h~! (Eq. (12.3))
[21]:

H
© Ru(p-cumene)cl, M

base, glycerol
—_—
MW or US
(also combined) (12.3)
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One frequently used substrate in hydrogenation reactions is ethyl pyruvate,
because it is possible to estimate the enantiomeric excess (ee) [22]; Pt/Al,O, was
the catalyst (Eq. (12.4)):

Hy,, Pt/Al,O3
o cinchonidine OH
)J\H/O\/ —_— > o~
toluene
o} loop-MW 0o (12.4)

Kinetic studies have been carried out while varying the MW power and the
nature of the solvent. The choice of solvent determined the reaction rate and the
enantioselectivity, with the highest values (75%) being observed in toluene, even
though this solvent does not absorb microwaves, which is consistent with the
observed fact that the kinetics and enantioselectivity of the reaction in toluene are
not affected by the mode of heating. The reaction rate in ethanol was the same for
conventional and MW heating, but the enantioselectivity decreased significantly
under microwave irradiation. According to the physicochemical studies, some
sintering of the catalyst occurred under MW irradiation. Ethyl pyruvate hydro-
genation was studied by the same team in a single-mode MW loop reactor over
Pt/Al,O; catalyst in the presence of cinchonidine as a chiral ligand. The highest
ee was observed in experiments carried out in toluene (80%) [23]. A kinetic model
was developed based on selective and unselective reaction routes. The tempera-
ture of the catalyst was estimated using a mathematical model for heat transfer
and energy balances for solid and liquid phases. The mass and energy balances
were decoupled because the heat effect of the hydrogenation reaction was much
lower than the energy of the microwave irradiation.

Hydrogenation of more complicated organic molecules (e.g., sterols) has been
reported [24]. Unsaturated sterols and bile alcohols were hydrogenated on Pd/C
in a methylene chloride/propylene glycol mixture as the solvent in the presence
of ammonium formate under microwave activation. Sterols, in particular, and
cholesterol, campesterol, sitosterol, and bile alcohols with unsaturated side chains
were converted into the hydrogenated products with high yields and selectivity.

Hydrogenation of nitro compounds is another important area of MW research
[25]. Modeling of heat balances in a microwave reactor was performed using an
electromagnetic simulation software HFSS'. In the presence of a catalyst, the cat-
alyst heating is essential for homogeneous heating and industrial applications. A
new continuous flow microwave reactor under pressure was developed with a
fixed, fluidized, or circulating catalyst bed. Nitrobenzene was subjected to hydro-
genation on a palladium catalyst.

Another example of the hydrogenation of nitro-aromatics into anilines is pre-
sented in [26]. Supported Rh metal nanoparticles were active in the chemo- and
regio-selective reduction of nitroarenes functionalized with side groups contain-
ing multiple bonds, and dinitroarenes into amines with hydrazine hydrate as the
reducing agent under MW conditions. The catalyst was recycled 13 times without
deactivation.
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Hydrogenation (via hydrogen transfer) of heteroaromatic nitro compounds
was also quite efficient under MW operations [27]. Conventional Pd/C and Pt/C
catalysts were shown to be very efficient with 1,4-cyclohexadiene as the hydrogen
transfer agent. When the starting compound contained labile halogen sub-
stituents, Pt/C was more efficient with almost no dehalogenation; the reactions
were completed within 5 min at 120°C.

MW-stimulated asymmetric hydrogenation (via hydrogen transfer) of ketones
was reported in Ref. [28]. TsCHDA chiral ligands supported onto a mesoporous
silicate SBA-15 were used to prepare optically active secondary alcohols.

Cross-linked chitosan with Pd(II) ions reduced to Pd® with NaBH, [29] was
used and recycled at least 10 times in the hydrogenation of o,p-unsaturated
compounds. The selectivity was high, especially for the hydrogenation of
cyclohex-2-enone in which only the C=C bond was hydrogenated. The hydro-
genation of internal alkynes and imines was also successful under MW activation
(Eq. (12.5)) [30]:

(e} O

Pd/cross-linked
chitosan

PR

Hp, MW
QN\\_Q QN{L@ (12.5)

Microwave plasma can also be used in hydrogenation processes. One recent
example is the hydrodechlorination of SiCl, in a low-temperature MW plasma
[31]. A nonthermodynamic equilibrium plasma allowed the authors to achieve
a high conversion and very high selectivity to SiHCl;. The influence of SiCl,/Ar
and H,/Ar ratios on the performance was studied and modeled. The maximum
conversion was found at an H,/SiCl, molar ratio of 1. The optimal pressure was
in the range of 26.6 to 40 kPa, depending on the input power with the optimal
feed molar energy input being 350 k] mol !

12.4
Dehydrogenation

Although oxidative dehydrogenation refers to the process that occurs formally
without any participation (consumption or release) of hydrogen, it is worth saying
a few words about this reaction, because once it was called simply dehydro-
genation. Oxidative dehydrogenation will be discussed in more detail elsewhere
(Section 14.3.8). A few publications reported on positive effects of microwave
radiation in the oxidative dehydrogenation. For instance, oxidative dehydrogena-
tion of ethylbenzene to styrene on iron oxide deposited on multilayer carbon
nanotubes (CNTs) was enhanced under MW conditions [32, 33]. An increase in
selectivity with respect to styrene was also observed under microwave activation
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conditions (380—-450°C); it was found that part of Fe,O, is transformed into
Fe® nanocrystals encapsulated by polyhedral graphite shells, and this effect was
observed only under microwave conditions. The optimal content of iron oxide
supported on CNTs was shown to be 3 wt%.

Oxidative dehydrogenation of ethane into ethylene was thoroughly studied in
Ref. [34]. A kinetic approach was successfully used to trace the MW effects in this
reaction. The comparison of kinetic dependencies (the kinetic equations, selectiv-
ity or yield vs. conversion curves) with apparent parameters (activation energies)
was made under thermal and MW regimes. For VMoO, and VMoNbO, catalysts,
a distinct difference between ethane yields was observed. MW activation was
revealed to modify the catalyst structure, including the phase distribution,
which is different from that formed under conventional heating. These changes
result in the variation of the catalytic behavior of VMoO, and VMoNbO,
systems.

Nonoxidative dehydrogenation is studied in the literature more often than the
oxidative dehydrogenation. Naphthenic molecules most frequently served the
reaction substrates. A number of still unpublished data were obtained in our
laboratory at N.D. Zelinsky Institute of Organic Chemistry, Moscow, Russia [35].
Some representative dependencies are shown in Figure 12.1 for the case of the
dehydrogenation of cyclohexane to benzene. The electrophysical parameters of
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251

50+—-——-——-—
0+ =~ —— = - - —— -

— =

30+ - ——

Benzene yield (%)

o o

e

Y S S O S S 1"

| | I | I | |

[ [ [ [ [ [ [

[ [ [ [ [ [ [

| | | | | | |
200 220 240 260 280 300 320 340 360
Temperature (°C)

Figure 12.1 Cyclohexane dehydrogenation on a Pd/TiO, catalyst (flow conditions, 0.5h=").
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Table 12.7 Power density and strength of the electromagnetic field estimated for hydro-
genation of benzene and dehydrogenation of cyclohexane on catalysts with different MW-
absorbing ability.

Catalyst Hydrogenation Dehydrogenation
Strength of the Strength of the
Power density electromagnetic field Power density electromagnetic field
(Wem™3) (Vem™) (Wem™3) (Vem™)
Pt/Al,O,4 1-15to2 350-440 —
Pd/TiO, 2-3 60-80 3-4 80-100
Pt/C 0.5to1 8-15 1-2 25-50

the dehydrogenation process logically are higher compared to the hydrogenation
on the same catalysts (Table 12.7).

Decalin was used most often for dehydrogenation because of the higher boiling
point and the possibility of extending and achieving a better control of the temper-
ature range [36]. The study of different types of carbon materials, which included
CNTs, carbon nanofibers (CNFs), carbon black (CB), activated carbon (AC), and
graphite (G) as the supports for Pt was carried out for the dehydrogenation of
decalin under microwave conditions. The dielectric properties and electrocon-
ductivities of the carbon supports and catalysts in a suspension in decalin were
determined, and a correlation was found with the thermal behavior. CN'Ts turned
out to be the best catalyst support under MW conditions. The high aspect ratio
and low bulk density of this carrier resulted in a high electrical conductivity and
enhanced dielectric loss. The catalytic performance with respect to H, evolution
changed in the order: Pt/CNTs > Pt/CB > Pt/CNFs > Pt/AC ~ Pt/G. The two latter
samples displayed zero activity in the dehydrogenation of decalin. The nanofibers,
though being less active, demonstrated a higher selectivity (less side-product for-
mation).

The MW heating characteristics of diverse carbon materials have been the sub-
ject of various studies [37—39]. Compared to spherical carbon materials, CNTs
and nanofibers exhibited high aspect ratios, which resulted in the improvement
of conductive loss according to the percolation theory [40].

12.5
Hydrogen Storage

The two reactions considered earlier, that is, hydrogenation of aromatic or
heteroaromatic substrates and the reverse dehydrogenation of the obtained
hydrogenated naphthenic molecules, were used in designing safe hydrogen
storage materials because hydrogen is chemically bonded and the temperature
of dehydrogenation may not be higher than 300°C, whereas in the case of



12.5 Hydrogen Storage

the hydrogenation of alkylcarbazoles the temperature can be decreased to
220-240°C.

Horikoshi and coworkers have examined the MW effects on the gas-phase
dehydrogenation of decalin and tetralin on Pt and Pt-supported overactivated
carbon [41-43]. The enhanced conversion of tetralin under MW conditions was
compared to the thermal heating; the effect was explained by a large-temperature
gradient between the catalyst and the reaction media generated under the
MW conditions. Enhancement of the heating ability of Pt/carbon particles and
decrease in the temperature gradient (nonuniform heat distribution) in the
tetralin solution under MW conditions were studied by three methods: (i) the
use of a Dewar-like insulation reactor, (ii) the addition of an ionic liquid as a
good MW -absorbing agent, and (iii) the optimization of the ratio of catalyst to
reactant. In the case of the insulation reactor used to prevent the heat loss under
microwave heating, the reaction could be heated to about 3 °C above the normal
boiling point of tetralin. As a result, the tetralin conversion increased from 31%
to 56% at an input MW power of 190 W. Addition of the ionic liquid as a heating
agent significantly enhanced the heating rate of tetralin. However, the ionic liquid
suppressed the activity of the catalyst. The third approach allowed the authors to
improve the heat distribution; the highest tetralin conversion of 69% was achieved
under the liquid film conditions. The stability of the catalyst also improved under
MW conditions because MW heating generated the temperature gradient that
favored faster molecule desorption or enhancement of species transport in the
system. The strong adsorption of hydrocarbons can also be reduced, thereby
resulting in a decrease in coke formation.

Tetralin dehydrogenation was also studied by the same authors in Ref. [44].
Carbon microcoils were applied as a new type of carbon support for Pt and Pd
nanoparticles in comparison with activated carbon. In addition to tetralin dehy-
drogenation, the Suzuki— Miyaura coupling reaction between phenylboronic acid
and 1-bromo-4-methylbenzene in toluene to yield 4-methyl-biphenyl was also
investigated. The MW -absorbing ability of the new material turned out to be bet-
ter than that of the activated carbon (in terms of dielectric constant, dielectric loss,
and loss tangent). The possibility of microplasma generation (hot spots) on the
catalyst surface was demonstrated. Conventional heating resulted in significantly
lower yields of products for both reactions.

In several articles, the team of Kustov also used MW heating in the dehydro-
genation of naphthenic molecules suitable for reversible and safe hydrogen storage
[45]. The dehydrogenation of a few naphthene and polycyclic (including hetero-
cyclic) compounds on supported metallic catalysts under microwave heating pro-
vides a hydrogen storage capacity of no less than 7—7.5 wt% based on the weight
of the composite material, including the organic substrate and the catalyst. This
is much higher than the capacity of intermetallic compounds traditionally used
for hydrogen storage (3—4wt%), metal organic frameworks (2—5%, high pres-
sures, cryogenic conditions), or CNTs suggested earlier (12 wt%, also cryogenic).
Two types of catalysts, namely traditional Pt/C and bifunctional Ni/silica/alumina,
were used for the dehydrogenation of naphthenes under microwave irradiation.
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The catalytic activity in the microwave regime increased more significantly than
in the conventional heating mode under the same reaction conditions. Such an
effect may result from the fact that the temperature of the metal particles (Pt, Ni)
in the microwave mode is higher than the average temperature of the catalyst bed
in the thermal mode. The best substrate from the viewpoint of a combination of
properties (boiling points of the hydrogenated and dehydrogenated counterparts)
was found to be meta-terphenyl (Eq. (12.6)):

(12.6)

12.6
Hydrogenation of Coal

Hydrogenation of coal resulting in its liquefaction or gasification is a very impor-
tant process and currently actively examined because of the development of new
concepts of coal utilization. Also, this problem is closely related to the conversion
of lignin and other raw materials. One of several approaches has been presented
by Wang et al. [46]. MW -stimulated hydroconversion of demineralized coal lig-
uefaction residues was performed using alcohols as solvents for the reaction and
extraction. The Pd/C and Ni catalysts were used for hydroconversion.
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Hydrogen Evolution from Organic Hydrides through
Microwave Selective Heating in Heterogeneous Catalytic

Systems
Satoshi Horikoshi and Nick Serpone

13.1
Situation of Hydrogen Energy and Feature of Stage Methods

Building a sustainable energy society is mankind’s common objective. Hydrogen
is expected to provide a significant contribution as a clean energy carrier to the
upcoming sustainable society [1]. Hydrogen is a regenerative and an environmen-
tal friendly energy vector, which reacts cleanly with oxygen in a highly exothermic
reaction giving pure water as the unique exhaust by-product, with hydrogen being
returned to water after being used in a fuel cell (Eq. (13.1)):

2H,(g) + O,(g) — 2H,0 () + 572 L] (i.e., 286 k] mol™") (13.1)

Japan has proposed as its major target to reduce by 50% the emission of the green-
house gas CO, by the year 2050. The introduction of renewable energy sources is
indispensable to achieve this goal. A hydrogen-based fuel cell technology should
contribute considerably to achieve this goal. Accordingly, fuel cells have been the
object of extensive studies in Japan. Certain public institutions (e.g., in the trans-
portation sector such as buses) already make good use of fuel cells as a source of
power. Moreover, private cars that drive using a fuel cell technology (fuel cell vehi-
cle, FCV) are already commercially available (Toyota Motor Co., since December
2014). In addition, power supplied by fuel cells is widely used in Japanese houses.
The hydrogen gas is first extracted from liquefied petroleum gas (LPG) and its
energy is subsequently converted by the fuel cell system into electricity (Ene Farm
System, Toshiba Co. and Panasonic Co.) [2]. The process occurring in a fuel cell
is exothermic, the heat from which is used to boil water that is then used in bath-
rooms and in other household applications. Even now hydrogen energy permeates
our daily activities.

Hydrogen is the most abundant element in the universe, yet on Earth it has
to be produced first because it only occurs in the form of water and hydrocar-
bons. This implies that we have to expend energy to produce energy resulting in a
difficult economic dilemma because ever since the industrial revolution we have
become accustomed to consume energy at relatively low costs [3]. The second dif-
ficulty with hydrogen as an energy carrier is its low critical temperature of 33 K.
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The differences between hydrogen-based fuels and other fuels in terms of caloric
value are summarized in Table 13.1. The energy densities per weight of hydrogen
are high compared with other fuels, whereas the energy densities per volume are
rather low. For example, the volume energy density of hydrogen is about a quarter
compared with liquefied natural gas, whereas when compared on a weight basis
it is about threefold to fourfold greater. A weak point of hydrogen energy has to
do with the storage and transportation of hydrogen gas, as well as energy savings
because the energy densities per volume are low.

The notion of using hydrogen energy to build a “Hydrogen Economy” is rather
old. A project of large-scale hydrogen transfer was conducted in the European
Union (EU) and in Quebec, Canada, in the years 1986—-1998. The electricity made
with Canadian rich hydroelectric power generation (100 MW) was converted to
hydrogen by the electrolysis of water, and then transported as liquid hydrogen by
seaway to Europe (Hamburg, Germany). Hydrogen was used as a fuel for public
transportation (buses) in the EU [4]. The project was not continued because
the output density of the energy from the fuel cell was (at the time) seen as
being insufficient to power a car. However, improvements in energy conversion
efficiency and the decrease in device cost of fuel cells have been made in recent
years [5], which have led to a reconsideration of the use of hydrogen-based
fuel cells.

Hydrogen can be stored using seven methods: (i) high-pressure gas cylinders
(up to 800bar), (ii) liquid hydrogen in cryogenic tanks (at 21 K), (iii) adsorbed
hydrogen on materials with a large surface area (at 100 K), (iv) absorbed on inter-
stitial sites in a host metallic matrix (at ambient pressure and temperature) [6],
(v) chemically bonded in covalent and ionic compounds (at ambient pressure),
(vi) the organic hydride method as a means to store the hydrogen as organic com-
pounds [7, 8], and (vii) through oxidation of reactive metals, for example, Li, Na,
Mg, Al, Zn with water. When hydrogen is liquefied, it is possible to reduce the
volume by nearly a factor of 800. However, cooling the hydrogen gas to the extraor-
dinarily low temperature of 21°K and the high pressures (up to 800 bar) needed
to liquefy hydrogen necessitate a considerable amount of electrical energy. When
using alloys to absorb hydrogen, it is possible to decrease the volume of hydro-
gen by a factor of more than 1000. A total of about 300 kg of hydrogen-absorbing

Table 13.1 Difference between the hydrogen and other fuels for the calorific power.

Refuel Higher calorific value
MJm~—3 MJkg™'
Hydrogen gas 11.9 142
Liquid hydrogen 10.1 142
Liquefied natural gas 39.0 55

Gasoline 34.6 49
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alloys is necessary to store about 4 kg of hydrogen gas so that such a system is not
mobile as a hydrogen storage medium.

The organic hydride storage method (no need for low temperatures and high
pressures) can make use of the infrastructure currently used to transport (lorries
and ships) and to store (reservoir tanks) gasoline. After storing the hydrogen gas,
the aromatic hydrocarbon is collected by known infrastructure equipment, or else
the infrastructure equipment to store the hydrogen energy can share the equip-
ment used to store gasoline. Aromatic hydrocarbons can also be used as fuels in
times of natural disasters.

Metal hydrides have also been proposed by the U.S. Department of Energy
as possible storage media for hydrogen; they are MgH,, NaAlH,, LiAlH,, LiH,
LaNi;Hg, TiFeH,, and palladium hydride [9]; some of these are liquids at ambient
temperature and pressure while others are solids that can be made in the form of
pellets. Metal hydridic materials display good volume energy density, though their
weight energy density tends to be inferior to leading hydrocarbon fuels. Because
many of the metal hydrides bind hydrogen very strongly, high temperatures
in the range 120—200°C are required to release the hydrogen, an energy cost
that can be reduced using alloys consisting of strong hydride formers and weak
hydride formers (e.g., LiNH,, LiBH,, and NaBH,) [10]. However, if the binding
is too weak, the pressure needed for re-hydriding is high, which would eliminate
any energy savings. Currently, the only hydrides capable of achieving a 9 wt%
gravimetric goal appear to be limited to Li-, B-, and Al-based compounds; at least
one of the first-row elements or Al must also be added.

Metal hydrides that have been considered for use in a hydrogen economy
include the simple magnesium hydrides [11] or transition metals and complex
metal hydrides that typically contain Na, Li or Ca, and Al or B. Hydrides chosen
for storage applications provide low reactivity (high safety) and high hydrogen
storage densities, with LiH, NaBH,, LiAlH,, and NH;-BHj as leading candidates.

13.2
Selection of Organic Hydrides as the Hydrogen Carriers

Some of the features of aromatic hydrocarbons as possible carriers of hydrogen
are listed in Table 13.2 [12]. The cyclohexane < benzene cycle is a system very
capable of storing and releasing hydrogen. However, benzene possesses strong
carcinogenic properties, so that even the benzene included in gasoline is regu-
lated to less than 1%. Therefore, the use of the cyclohexane <> benzene cycle is not
suitable as an organic hydride carrier. The decalin <> naphthalene cycle indicates
a high pressure for hydrogen evolution. Therefore, it is possible to extract most of
the hydrogen from the decalin molecules. Fundamental research on the organic
hydrides decalin <> naphthalene has been carried out continually until recently.
The melting point of naphthalene is 80 °C, so that when it is cooled in the reactor
or in the flow pipe after the reaction, the naphthalene will solidify, thereby clog-
ging the reactor or the pipes. On the other hand, the presence of a methyl group in
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Table 13.2 Features of organic hydrides as hydrogen carriers.

Organic H, carriers H, Reactivity Toxicity Boiling point Melting Result Comprehensive

hydrides (Nm31-") of organic  pointof H, evaluation
hydrides (°C) carriers (°C)

Cyclohexane Benzene 0.62  Good Bad 81 5.5 Good Bad

Methylcyclo- Toluene 0.53  Good Good 101 -95 Good Good

hexane

Dimethyl- Xylene 046  Good Good 83 —48 Good Middle

cyclohexane

Tetralin Naphthalene 0.36 Middle Good 206 80 Good Bad

Decalin Naphthalene 0.71 Middle Good 193 80 Good Bad

1-Methyl- 1-Methyl 0.65 Middle Good 210 -31 Bad Bad

decalin naphthalene

2-Methyl- 2-Methyl 0.65 Middle Good 205 34 Bad Bad

decalin naphthalene

2-Ethyl- 2-Ethyl 0.59 Middle Good 225 15 Bad Bad

decalin naphthalene

Reproduced from Ref. [12].

naphthalene lowers the melting point compared with naphthalene. Unfortunately,
large quantities of these materials as major industrial materials are not easily avail-
able. Moreover, a higher temperature reaction field is needed because the boiling
point of condensation ring compounds is high. Therefore, the methylcyclohex-
ane < toluene cycle appears as the most suitable carrier for the organic hydride
method in industry.

13.3
Dehydrogenation of Hydrocarbons with Microwaves in Heterogeneous Catalytic Media

13.3.1
Selective Heating by the Microwave Method

Hydrogen production from tetralin as the source of hydrogen has been carried
out under microwave heating (MWH); the overall process is summarized in
Figure 13.1 [13]. The most common catalyst in dehydrogenation reactions is plat-
inum supported on activated carbon (Pt/AC) particulates. However, when carried
out by the conventional heating method, this type of reaction is usually limited
by the mass transfer rate of molecule desorption, because after formation of the
product — naphthalene in the case of tetralin — the aromatic product tended to
deposit on the active sites of the catalyst, thereby causing the catalyst to become
inactivated, not to mention the formation of coke deposits on the catalyst surface
and thus the need for higher reaction temperatures. Accordingly, the advantage
of microwaves in selective heating was applied to resolve this problem [13].
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QO +2H2

Pt/AC
—_—
AT

Temperature distribution: Tcataysty >> Ttetratin)

Figure 13.1 Cartoon illustrating the dehydrogenation of tetralin occurring on the Pt/AC
(platinum supported on activated carbon) catalyst subjected to microwave heating. From
Ref. [13].

Note that the most suitable organic hydride is the methylcyclohexane < toluene
system as alluded to in the previous section. In order to consider and examine
some of the features of the microwave method, the tetralin < naphthalene system
has received most of the attention.

In the dehydrogenation of tetralin under MWH, the Pt/AC acted as both the
catalyst and the microwave absorber. Being a nonpolar material, tetralin is a poor
absorber of microwave radiation. Therefore, heat was generated selectively at the
catalyst and subsequently transferred to the reactant. It is worth noting that when
the heat flux is directed from the surface of the catalyst to the substrates, mass
transfer will occur in the same direction owing to the coupling vector that facil-
itates the desorption of molecules from the active sites of the catalyst surface
(Figure 13.1).

13.3.2
Dehydrogenation of Tetralin in a Pt/AC Heterogeneous Catalytic Dispersion Subjected
to a Microwave Radiation Field

An air-equilibrated tetralin solution (1.5ml) containing the Pt catalyst
supported on activated carbon particles (loading, 300mg) was introduced
into the batch reactor, which was positioned in the microwave multimode
applicator (continuous irradiation with 320-W 2.45-GHz microwaves). The
reaction temperature was 207 °C. To consider the effect of the microwaves, an
experiment was also carried out using a mantle heater for the dehydrogenation
of tetralin in the Pt/AC heterogeneous catalyzed process. The temporal changes
of temperature of a tetralin solution with and without the presence of the Pt/AC
catalyst heated by microwave radiation have been investigated methodically [13].
The tetralin solution containing the catalyst was rapidly heated to the boiling
point within 2 min of microwave irradiation; initial heating rate was 3.0°Cs™!.
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Figure 13.2 Conversion of tetralin to hydro- and conventional heating with a heat man-
gen gas and naphthalene during the dehy-  tle at a temperature of 207 °C. Reproduced
drogenation reaction under reflux conditions from Ref. [13]. Copyright 2010 by Elsevier B.V.
using microwave heating (MW power, 320 W)

However, subjecting the tetralin solution to microwave radiation in the absence
of the Pt/AC catalyst led to lower temperatures, thus demonstrating the excellent
microwave absorbing ability of the activated carbon support.

The heating profile of pure distilled water and distilled water containing Pt/AC
dispersion was also examined. The heating rate of pure distilled water was
4.43°Cs™1, and distilled water containing Pt/AC was 7.83°Cs~!. This showed
that pure distilled water was heated by dipole polarization of H,O, while the latter
medium was heated by both dipole polarization (H,0O) and ionic conduction
(Pt/AC) [14]. Even if the Pt/AC catalyst was dispersed in a polar solvent, the
catalyst would nevertheless be heated by the microwave field.

A comparison of the dehydrogenation of tetralin between MWH and conven-
tional heating in the suspension state is shown in Figure 13.2 [13]. The conversion
yields of tetralin to naphthalene under MWH were greater than those observed
under conventional heating (with a mantle heater) by nearly 19% under reflux con-
ditions at 207 °C. Although the conversion by conventional heating seems to have
reached a plateau after a reaction time of 2 h, the conversion of tetralin contin-
ued to increase in the microwave-assisted reaction. This result demonstrates the
advantageous effect of MWH over conventional heating in the catalyzed dehydro-
genation of tetralin in the presence of Pt on activated carbon support.

13.3.3
Effects of the Tetralin: Pt/AC Ratio on Tetralin Dehydrogenation

In the tetralin dehydrogenation reaction, the ratio of Pt/AC to tetralin was varied
to investigate its effect on tetralin conversion. The catalyst was fixed at 0.2g in
each batch, while the amount of tetralin was varied between 0.55, 0.6, 0.7, 0.8, 1.0,
and 1.2 ml (Figure 13.3) [15]. When the amount of tetralin in the system decreased
(from 1.2 to 0.7ml), both the average tetralin temperature under microwave
irradiation for 60 min and tetralin conversion in the reaction increased linearly.
Interestingly, in the batch with 0.6 ml tetralin, the conversion of tetralin showed
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Figure 13.3 Correlation of (e) tetralin conversion and (O) average temperature from the
tetralin dehydrogenation with 0.2 g of Pt/AC subjected to microwave irradiation for 60 min.
Reproduced from Ref. [15]. Copyright 2012 by Elsevier B.V.

a remarkable increase from 39% to 56%. The conversion further increased by
69% with 0.2g of Pt/AC and 0.55ml of tetralin. Such results were explained
by separating the reaction system into two stages: the suspension state and the
liquid-film state [16]. For a batch reaction containing 0.7-1.2ml tetralin and
0.2 g of Pt/AC, taken as the suspension state, any increase in tetralin conversion is
likely due to an increase in tetralin accessibility to the active sites on the catalyst.

The images of the suspension state and the liquid-film state are displayed
in Figure 13.4 [15]. The suspension state (loosely packed state) of the Pt/AC
particles in tetralin showed a wider temperature difference between the catalyst

AT, = Tear — Tetraiin

Reactor wall
ATy = Tietrain = Twal
ATc = Twall_ Tatmosphere
Atmosphere
P Thermometer

Thermometer

Temperature gradient

| AT,: Liquid film state << Suspension state

(a) (b)

Figure 13.4 Models illustrating the tem- tetralin and (b) at a high ratio of the catalyst
perature differences between tetralin and to tetralin. Reproduced from Ref. [15]. Copy-
the Pt/AC catalytic system under microwave  right 2012 by Elsevier B.V.

heating: (a) at a low ratio of the catalyst to
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surface and the tetralin (Figure 13.4a). However, when the Pt/AC catalysts and
tetralin were in the “liquid-film state” (Figure 13.4b), the temperature difference
of the system was smaller than that of the “suspension state.” This resulted in
a much more uniform temperature of the tetralin mixture. Furthermore, the
temperature of the catalyst particles as microwave absorbers could be maintained
at a high temperature and be beneficial to the heating of tetralin molecules on the
active sites by thermal conduction, usually referred to as “localized superheating”
under microwave irradiation. This “localized superheating” on the catalyst
active sites led to a microwave-induced enhancement of the reaction rate [17,
18]. This microwave effect on the enhancement of a chemical reaction can be
attributed to the combination of thermal effects (overheating, hot spots) and
nonthermal effects (polarization of molecules). As described by the Arrhenius
reaction (k = Aexp(—E,/RT)), the reaction rate depends on two factors: the
preexponential factor (A) and the exponential factor {exp(—E,/RT)}.

In a liquid—solid phase reaction, the preexponential factor represents the
collision frequency between the reactant molecules and the active sites, while
the exponential factor represents the quantity of species that can overcome the
activation energy. The magnitude of these parameters is temperature dependent
[19]. The explanation of how microwaves can enhance tetralin dehydrogenation
was described by the following mechanism. Tetralin (nonpolar liquid) was
superheated by microwave-heated Pt/AC (temperature higher than its normal
boiling point). This required a well-dissipated thermal energy; the molecules may
have had large kinetic energy in order to create a high frequency of collisions
of tetralin molecules on the catalyst active sites that led to an increase in the
magnitude of the factors in the Arrhenius reaction rate equation [19, 20]. In
addition, localized microplasma (sparks or hot spots) formed on the catalyst
surface under MWH. It was obstructed by the liquid-film state condition. Details
of hot spots are presented in Chapter 4.

1334
Dehydrogenation of an Organic Carrier in a Continuous Flow System

The catalyzed dehydrogenation of tetralin over Pt/AC under MWH in a single-
pass fixed-bed reactor was examined to affect improvements in reaction efficacy.
Details of the experimental setup of the fixed-bed reactor in a single-mode
microwave apparatus are schematically displayed in Figure 13.5 [21].

The microwave apparatus consisted of a single-mode TE,,; cavity (transverse
electric 103 mode), a short plunger, an iris, a three-stub tuner, a power moni-
tor, an isolator, and a 2.45-GHz microwave generator [22]. The resonance of the
microwaves was adjusted with the iris and the plunger at 1.5 cycles. The position
of the sample was fixed at the maximal electric field (E-field) density within the
waveguide. The Pt/AC catalyst was introduced in a 5-mm (inner diameter) quartz
tube reactor [21]. The tetralin solution was subsequently introduced into the reac-
tor with a syringe pump; a thermocouple measured the temperature of the catalyst
inside the reactor. The yields of products were quantified by gas chromatography



13.3 Dehydrogenation of Hydrocarbons with Microwaves in Heterogeneous Catalytic Media | 267

Isol
Hydrogen carriers (GC-FID) solator

| H, gas (GC-TCD)
—> MW
generator

Short plunger
¢ E/H-tuner

I MW

/

Iris Power

Introduced Pt/AC catalyst monitor

(Maximum E-field position) Quartz reactor

T

Organic hydrides
(Syringe pump)

Figure 13.5 Experimental setup in the dehydrogenation of tetralin on a single-pass fixed-
bed reactor involving a 2.45-GHz single-mode microwave apparatus. Reproduced from Ref.
[21]. Copyright 2012 by Elsevier B.V.

(GC) using a thermal conductivity detector (TCD) for the hydrogen gas and a
flame ionization detector (FID) for the analysis of other products.

The conversion yields of the dehydrogenation of tetralin at various tempera-
tures under MWH and conventional heating (electric mantle heater) are reported
in Figure 13.6a [21]. The prompt effect of the microwaves is clearly shown at
low-temperature reaction conditions owing to the catalyst surface being at a
higher temperature than the bulk under microwave irradiation. Conversion
yields of the dehydrogenation of tetralin at various flow rates are summarized
in Figure 13.6b; the reaction rates tended to decrease with an increase in flow
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Figure 13.6 (a) Dependence of the conver- tetralin over Pt/AC catalyst on feed flow rate
sion of tetralin to hydrogen gas and naph- of tetralin under microwave heating and con-
thalene over the Pt/AC catalyst surface on ventional heating at a reaction temperature
reaction temperature under microwave heat- of 207 °C and a microwave power output of
ing and conventional heating with a man- 90-170W. Reproduced from Ref. [21]. Copy-
tle heater. (b) Dependence of conversion of  right 2012 by Elsevier B.V.
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rates. Reaction efficiency showed a remarkable decrease with an increase in flow
rates at flow rates less than 0.2mlmin~!, especially when heating was carried
out with a mantle heater. In contrast with MWH, tetralin conversion occurred
at conversion yields greater than 80%, even when the feed flow rate increased to
about 0.4 ml min~!. Such high conversion yields were attributed to the enhanced
desorption (vs. adsorption) phenomenon taking place at the surface of the
catalyst [21]. The bulk temperature was maintained at 207 °C throughout the
process. From the observations of Figure 13.6, the significant beneficial effect
of the microwaves on the catalyzed dehydrogenation of tetralin over Pt/AC was
the driving force originating from the high-temperature gradients between the
Pt/AC catalyst (strong microwave absorber) and tetralin (nonpolar reactant and
a poor absorber of microwaves). Most significant, the microwaves enhanced
desorption of product molecules from the catalyst surface and regenerated
the catalytically active sites, thereby prolonging the activity of the catalyst and
augmenting reaction efficacy.

The effect of a microwave field on the improvement in molecular diffusion or
transport of species in a reaction system has been described [23, 24]. Antonio
and Deam have illustrated the hypothesis that if the transport of an active species
is a rate-limiting step in a reaction, the temperature gradient under MWH
enhances the diffusion of that species, and the overall reaction rate is changed
under MWH compared with conventional heating [24]. From the above results,
when the feed flow rate was increased or the space time lowered, the reaction
conversion percentage yield decreased dramatically. This may imply that the
tetralin dehydrogenation reaction is limited by the rate of mass diffusion or
species transport, in particular, and desorption of product species from the
active sites of the catalyst. This assumption was supported by the behavior
of naphthalene adsorption. Apart from hydrogen, naphthalene is a dominant
product of the reaction. It is well known that naphthalene has strong adsorption
energy because of the p-electrons in its aromatic rings. The strong adsorption of
naphthalene on the catalyst active sites not only decelerated the reaction because
of site blocking but also caused coke deposition. This led to the deactivation of
the catalyst, as evidenced by a decrease in the dehydrogenation conversion time.

An advantageous effect of microwaves on an increase of species transport in the
reaction correlated with the temperature gradient and the mass transfer whose
direction was the reverse of that of conventional heating (Figure 13.7a,b) [21].
In the case of tetralin dehydrogenation under MWH, the heat transfer generated
from the Pt/AC catalyst to the surrounding species also induced the driving
force of mass transfer in the same direction because of the coupling vector. This
phenomenon has two possible effects: (i) promote desorption of product species
(naphthalene) from the catalyst active sites, thereby leading to facilitation of
mass transfer in the system [23, 25] and (ii) prevention of a contiguous strong
adsorption of hydrocarbon on the active sites, thereby causing a decrease in coke
deposition. Hence, the heating phenomenon from the microwaves inverts that
of conventional heating. Species transport in the system under MWH was better
than that under conventional heating. Consequently, the overall reaction rate
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Convecti
heating

T(catalyst) >> T(tetralin) T(catalyst) < T(tetralin)

(a) (b)

Figure 13.7 Model of heat transfer direc- of the coupling vector. (b) Under classical
tion: (a) Under microwave heating (MWH): convection heating (CH): T,y < Tretralins
T catalyst > Tsurrounding N€at transfers from the  heat transfers from the surrounding matter
catalyst to the surrounding matter; mass to the catalyst. Reproduced from Ref. [21].

also transfers in the same direction because  Copyright 2012 by Elsevier B.V.

under MWH increased. This explained the MWH effect that enhanced tetralin
dehydrogenation compared to conventional heating.

The boiling point of tetralin is 206 °C; the catalyst was heated to the high tem-
perature and the continuous dehydrogenation reaction of tetralin was examined
at about 750 °C. The evolution yield of hydrogen gas was at most 67% by heat
conduction using a ceramics heater with an insulator [26]. However, its yield
decreased remarkably with circulation time of the tetralin. Moreover, other kinds
of by-products were formed by the CH method. On the other hand, the evolution
yield of hydrogen was 78% by the MWH method. It is possible to explain these
differences by the conditions of the introduced Pt/AC catalysts in the reactor
at the completion of the reaction. The Pt/AC catalyst powder changed into a
Pt/AC stick with sintering when using the ceramics heater (Figure 13.8) [26],
with inactivation of the catalysts. On the other hand, the Pt/AC catalyst from
the MWH method remained as a powder (Figure 13.8). The difference in these
situations was considered by the temperature distribution in the reactor.

1335
Dehydrogenation of Methylcyclohexane in a Microwave Fixed-Bed Reactor

Methylcyclohexane (MCH) is perhaps the most hopeful of the hydrogen carriers.
The researcher’s present attention is to enhance the efficiency of hydrogen
evolution using conditions that require low applied energy for thermally acti-
vating the catalysts. The energy conservation for hydrogen evolution can be
achieved by microwave selective heating of solid catalysts (e.g., Pd/AC). The
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Mantle heater heating

Microwave heating

Figure 13.8 The state of the sintering of a catalyst after ceramics heater and microwave
heating. From Horikoshi et al., unpublished data [26].

features pertaining to the hydrogen evolution from MCH as the source with the
microwave method is described in this section.

In general, the reaction temperature for the dehydrogenation of MCH begins
at about 200 °C [27], following which the yield of hydrogen is saturated at about
340 °C. Palladium (5 wt%) deposited as particulates onto activated carbon as the
support (Pd/AC) was used as the catalyst in the dehydrogenation reactions of
MCH. The catalytic reactions were carried out under atmospheric pressure in a
quartz fixed-bed tubular reactor (diameter: 17 mm; length: 55 mm) and loaded
with 2.5 g of Pt/AC catalyst.

The methylcyclohexane was introduced in the reactor using a syringe pump at
a flow rate of 0.1 mlmin~! (same apparatus as in Figure 13.5). Results from the
dehydrogenation of MCH using MWH and conventional heating with a ceramics
heater and insulator are reported in Figure 13.9 [28]. The added Pd/AC catalyst
particulates were heated at 340 °C within 2 min by MWH, which resulted in over

100
Microwave

80 (33 W; no insulator) ,-*
S o]
S 60 ',"Ceramics heater
@ , (139 W; insulator)
[9) 0
2 40 o
5 .
(&)

20

0 3 1 1 )
0 20 40 60

Heating time (min)

Figure 13.9 Dependence of the conversion of methylcyclohexane to hydrogen gas and
toluene over the Pd/AC catalyst under microwave heating and conventional heating with a
ceramics heater (temperature, 340 °C) [28].
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94% dehydrogenation of MCH occurring in less than 2 min. On the other hand,
when using a ceramics heater, dehydrogenation needed more than 30 min also at
340 °C even though an insulator was used. Clearly, MWH led to hydrogen evolu-
tion in a much shorter time. On suspension of microwave irradiation, the catalyst
particulates promptly cool and hydrogen evolution stops, whereas suspension of
conventional heating with the ceramics heater hydrogen gas continues to evolve
for more than 35 min. The total power consumption of the microwave system
was 33 W (microwave applied power, 12 W), while the ceramics heater expended
139 W of power. Evidently, MWH is also favored in terms of power consumption
and thus an attractive profitable energy-saving system, in addition to the shorter
times for hydrogen evolution. Recall that electric energy is being used to produce
hydrogen energy.

13.3.6
Simulation Modeling for Microwave Heating of Pt/AC in the Methylcyclohexane
Solution

The heat convection from Pd/AC in the methylcyclohexane solution was inves-
tigated and was simulated using the COMSOL Multiphysics software package
(Version 4.3a). Selective heating of 180 particles of Pd/AC dispersed in methylcy-
clohexane was considered. The model geometry is displayed in Figure 13.10a [28].
The correlation between bulk temperature and the temperature of the Pd/AC par-
ticles is illustrated in Figure 13.10b. Results of the simulation demonstrated that
to bring methylcyclohexane from room temperature (25 °C) to a temperature of
340 °C necessitates the temperature of the Pt/AC particles to be at 547 °C, result-
ing in a temperature gradient of 217 °C. Under microwave irradiation, the Pt/AC
particles were continuously heated by the microwave radiation field, with much
of the resulting thermal energy spent to heat methylcyclohexane.

4633.68
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Figure 13.10 Relation between the Pt/AC particle temperatures and bulk temperatures. (a)
Simulation image and (b) plot of temporal change on Pt/AC particle temperatures and bulk
temperatures. From Ref. [28].
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13.4
Dehydrogenation of Methane with Microwaves in a Heterogeneous Catalytic System

Methane is the major component of natural gas (97% by volume). Transfor-
mation of methane to other high-value products has been widely investigated:
for example, (i) methane reforming to hydrogen and (ii) oxidative coupling of
methane to form higher hydrocarbons such as C, products. In this regard, Martn
and coworkers [29] examined the catalytic oligomerization of methane to C,—C;
hydrocarbons (e.g., acetylene to benzene) under MWH in a continuous flow
reactor. Several catalysts were employed for the reaction activated by microwave
radiation: activated carbon, MnO,, TiO,, Fe, and Ni. Of these, activated carbon
exhibited efficient activity on the reaction under MWH by rapid heating to over
1000°C at an applied microwave power of 600 W. Selectivity depended on the
applied power and on the diluting gas used in the reaction. The major C, products
were in the order ethylene > acetylene > ethane, while 33% selectivity of benzene
product was achieved under 378-W microwave irradiation. However, when the
applied microwave power was increased to 754 W, the reaction generated only
CO,. The proposed steps in the overall mechanism of methane oligomerization
are reported below for the formation of the C, products (Eqgs. (13.2)—(13.5)):

CH, — : CH, + H, (13.2)
2CH, »—— C,H, + 2H, (13.3)
2CH, »—— C,H, + 3H, (13.4)
C,H, + H, —» C,H, (13.5)

Another viable mechanism suggested for ethylene and acetylene formation
involved the dehydrogenation of secondary hydrocarbon products (Egs. (13.6)
and (13.7)):

C,Hy »—»— C,H, + H, (13.6)

C,H, »—»—- C,H, + H, (13.7)

The reaction that yielded the higher hydrocarbons most likely proceeded via for-
mation of free radical intermediates. Thus, formation of propane, propene, and
benzene was thought to originate via Egs. (13.8) —(13.10), respectively [29]:

C,H¢ + : CH, »—— C;H, (13.8)
C;Hg — C3Hg + H, (13.9)
3C,H, — C¢H, (13.10)

The microwave-assisted dry reforming of methane over activated carbon under
MWH on a fixed-bed reactor (Eq. (13.11)) was reported by Fidalgo et al. [30],
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who used activated carbon made from coconut shells as both the catalyst and the
microwave absorber:

CH, + CO, & 2CO + 2H, (13.11)

Results showed that the conversions of CO, and CH, were clearly greater under
MWH. Moreover, on stream for 5h and at a reaction temperature of 800 °C at
the catalyst bed (activated carbon), the reported conversion yield under MWH
was 70%, while the conversion yield under conventional heating was 40%. The
microwave effect on the dry reforming of methane was described by the Fidalgo
et al. [30] in terms of more uniform heating of the catalyst bed under MWH
when compared to conventional (electrical) heating. Additionally, they observed
the formation of a micro-plasma within the bed of activated carbon upon
MWH that yielded a temperature greater than the average temperature of the
catalyst bed:

AC
C2H6 —_— C2H4 +H, (13.12)
800°C

The dehydrogenation of ethane to ethylene (Eq. (13.12)) by MWH was investi-
gated by Kim and coworkers [31] using activated carbon produced from Korean
raw anthracite coals as the catalyst/absorber that was subjected to MWH and
conventional heating in a fixed-bed reactor system. Based on the same bed
temperature of 800 °C, ethane conversion under MWH exhibited a better per-
formance than did conventional heating: about 13% higher conversion with the
microwaves (73% vs. 60%); product yield with microwave irradiation was about
64% while with conventional heating the product yield was about 52%. The tem-
perature of the outlet gas product was much lower when microwave irradiation
was used (range 45-50 °C), whereas the outlet temperature under conventional
heating was 835 °C.

13.5
Problems and Improvements of Microwave-Assisted Heterogeneous Catalysis

The heat distribution along the vertical positions of the Pd/AC catalysts in the
reactor has been examined under microwave heating and, for comparison, also
under conventional heating using a ceramic heater. An optic fiber thermometer
was used to measure the temperature from the bottom to the top at the center of
the reactor in the presence and absence of the organic hydride MCH (flow rate of
liquid MCH was 0.2 mL min~!). This thermometer was limited to recording a max-
imum temperature of 220 °C. Under such conditions, the temperature recorded
at the 3-cm position from the bottom was 174 + 2 °C; under conventional heating,
the temperature at the same location was 181 + 1 °C [28].

The temperature distribution within the catalyst particles under microwave
heating is displayed in Figure 13.11, which shows a rather large distribution
of temperatures: 176177 °C between 3.0 and 3.5 cm from the bottom of the
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reactor in the presence of liquid MCH. However, at 4.0 cm from the bottom of the
reactor, the temperature decreased to 155 °C, and even more below the 3.0-cm
mark: 94 7°C at 1.5 cm and well below the boiling point of MCH (101 °C) and of
the dehydrogenation reaction temperature (340 °C). Thus, with an almost 50%
drop in the temperature, the catalytic powder located below 1.5 cm are not likely
to participate in the dehydrogenation reaction [28].

The temperatures of the dry Pd/AC catalyst powder (in the absence of MCH)
were 188 °Cand 185 °Cat 2.0 cm and 1.5 cm from the bottom, respectively. Perusal
of the distribution in Figure 13.11a showed that the temperatures at the top and
bottom of the reactor were significantly lower. The distribution of the microwaves’
electric field in the waveguide was likely at the origin of such variations in the heat
distributions. Significant selective heating of the Pd/AC particulates occurred pri-
marily where the electric field density was greatest, exactly at the middle (height)
position of the reactor. Figure 13.11c summarizes the temperature distribution at
the inner walls of the Pd/AC catalyst reactor in the absence of MCH (dry Pd/AC
catalysts) observed by thermography immediately (5 sec) after the reactor was
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taken out of the setup. A rather large distribution was observed under microwave
heating, with a temperature of 203 °C at 2.5 cm from the bottom of the reac-
tor and decreasing to 180 °C and 162 °C horizontally away from the inset of the
microwave radiation. The lower temperatures at the top and at the bottom of the
reactor in the MW method were attributed to the influence of the distribution of
the microwaves’ electric field. Consideration of the these results led the authors
[28] to deduce that the temperature distribution under microwave radiation is
the consequence of several factors: (i) the distribution of the microwaves’ electric
field, (ii) the temperature of the cooler MCH liquid fed to the reactor, and (iii) the
liquefied toluene gas exiting the upper part of the reactor.

Under conventional heating, no changes were observed in the distribution
of temperature in the presence or absence of MCH, although the temperature
decreased gradually toward the lower portions of the reactor (13.11b). Subsequent
to bringing the temperature at the middle position of the Pd/AC catalyst layer
to 180 °C under conventional heating with the ceramic heater, the temperatures
were also measured at various positions in the surrounding atmosphere of the
reactor (13.11c). Outside the reactor, the temperature was ambient (26 °C) at
the bottom of the reactor, whereas in the upper part of the setup it was 63 °C.
On comparing, the temperature inside the setup was 65 °C (bottom), which
increased to 82 °C in the upper portion as a result of air convection occurring
from the bottom-up [28].

Studies reported so far have demonstrated that selective heating of a solid cat-
alyst in a heterogeneous reaction is an ideal occurrence when using microwaves.
The combination of the catalyst and/or catalyst support with high absorption of
microwaves and a nonpolar solvent satisfy this condition. A fixed-bed reactor is
also an effective component of a reaction system. The temperature distribution
peculiar to microwave irradiation can enhance adsorption and desorption
(contact efficiency) of the substrate on the catalyst surface and can also lead
to energy savings during the heating stage(s). However, the heat developed on
the catalyst can escape to the atmosphere through the reactor walls. Therefore,
in order to avoid such heat losses, insulation of the reaction container is most
desirable.

Usually, one makes use of heat insulating materials (e.g., fiberglass) wrapped
around the external walls of the reactor to prevent escape of heat to the surround-
ings. Unfortunately, such materials can also attenuate the microwave radiation
reaching the reacting substrates in the reaction vessel. Accordingly, a novel reactor
design was conceived that avoided heat losses and attenuation of the microwaves
(Figure 13.12a,b) [26]. The proposed reactor system consisted of a double-walled
glass vessel in which the double wall was vacuum-filled that typifies a Dewar-like
structure used to preserve cold fluids (e.g., liquid helium). In this case, microwave
irradiation of the sample was not obstructed by the vacuum-filled double walls,
while any heat emanating from the heated sample was intercepted by the reactor’s
double walls.

This double-walled glass vessel also indicates the effect already in organic
synthesis with heterogeneous catalysis reaction. For example, the synthesis of
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Figure 13.12 (a) Sketched image and (b) photograph of the conventional microwave reac-
tor and microwave Dewar-like vacuum reactor. From Horikoshi et al., unpublished data [26].

biphenyl by the Pd/AC Suzuki—Miyaura cross-coupling reaction was progressed
with a Dewar-like microwave vessel [32]. The Pd/AC catalyst, phenylboronic
acid, bromobenzene, K,CO; as the base, and toluene solvent were mixed and
subsequently added under an argon atmosphere to the double-walled microwave
vessel (Figure 13.13a,b). The syntheses were performed by placing the respec-
tive reactors in a commercial multimode microwave chemical apparatus (Tokyo
Rikakikai Co. Ltd, MWO-1000S system) equipped with a fiber-optic thermometer
(Anritsu Meter Co., Ltd, FL-2000).

The temperature distributions in the Dewar-like (doubled-walled) microwave
vessel doubled-walled and in the conventional single-walled vessels were exam-
ined by recording the increase in the temperature of water (20 ml) at various
times following continuous irradiation of the dielectric medium with 120-W
microwaves in the commercial multimode microwave chemical apparatus. The
temperature gap of center position and inner wall side position under nonstirring
conditions was <1°C for doubled-walled microwave vessel and 7°C for con-
ventional single-walled vessel. The potential of the double-walled vacuum-filled
vessel in the synthesis of biphenyl was enhanced significantly (six- to sevenfold)
with this double-walled vessel relative to the conventional single-walled reactor
vessel currently used in commercial microwave chemical devices. Dewar-like
microwave vessel can make a microwave input power fall remarkably because
keeping temperature of a sample is excellent. Exactly, its possible to achieve
energy saving in chemistry process.
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14
Microwave-Stimulated Oil and Gas Processing
Leonid M. Kustov

14.1
Introduction

Existing technologies in oil and gas processing mostly reached the saturation level
in their development and further progress may be possible, if at all, by using non-
traditional approaches, such as nonequilibrium conditions, gradient technologies,
combination of endothermic and exothermic processes, ex situ or in situ appli-
cation of electromagnetic activation modes, such as microwave activation and
low-temperature plasma, among others.

Microwave technologies have been introduced as benign and robust approaches
in many areas, including in industrial processes [1]. Microwave irradiation (in the
heating or plasma option) is widely explored in processes of heavy oil and gas
processing. It is obvious that in this case the dipolar polarization mechanism does
not work and a conduction mechanism or Maxwell - Wagner effects (Sections 17.1
and 17.8) may be responsible for the microwave heating.

14.2
Early Publications

One of the first patents related to the effects of microwave (MW) activation in
catalysis was issued in 1985, which focused on the catalytic transformation of
methane into ethylene on nickel and iron catalysts activated by microwave field
pulses [2]. Although initially the focus was on supported metallic catalysts, efforts
are currently extended to mixed oxides (e.g., perovskites and transition metal
oxides) because of their capability to absorb the MW energy.

Wan [3] was the first to use microwave heating in heterogeneous catalysis
with ferro- and para-magnetic metallic particles dispersed in a liquid reaction
medium. Wan'’s team discovered that the use of the pulsed microwave technique
allowed for the accurate control of catalyst temperature and process selectivity.
Apart from metallic powders, Wan et al. studied the commercially available
materials containing nickel and copper wires and gauzes, as well as dispersed

Microwaves in Catalysis: Methodology and Applications, First Edition.
Edited by Satoshi Horikoshi and Nick Serpone.
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metallic particles supported on nonconducting carriers. The early studies were
focused on the reactions of hydrogenation and hydrocracking of hydrocarbons
[4, 5], on methane decomposition [6], on the oxidation of hydrocarbons and the
synthesis of acetylene [7—10], on the conversion of olefins [11], and on oil sands
(Province of Alberta, Canada) and bitumens [12].

Roussy et al. [13—15] used highly dispersed platinum, that is, species that
absorb microwave radiation very well, on an Al,O, support that is transparent
to microwaves in the oxidation of ethylene, in the isomerization of hexane
and 2-methylpentane, and in the hydrogenolysis of methylcyclopentane. The
authors also studied the isomerization of 2-methyl-2-pentene on acidic oxide
catalysts, as well as the oxidative condensation of methane on transition metal
oxides. They found that the use of microwave fields in situ could lead to results
quite different from those obtained using thermal activation. These authors
reached an important conclusion in that the temperature dependencies of the
conversion are not informative because of strong differences in the methods
of heating and difficulties in determining the true catalyst temperature under
microwave field conditions. They suggested a comparison of the conversion
versus selectivity dependencies rather than the conversion versus temperature
curves.

Discussion of the contributions of purely thermal and nonthermal effects in
the case of microwave-assisted processes has been a subject of debate for more
than 30years. Klimov et al. studied the epoxidation of ethylene while separating
thermal from nonthermal effects [16]. The catalyst was heated not only by a
microwave field but also by hot air. To decrease the convective heat loss, the
reactor and part of the air supply line located in the microwave furnace were
placed into an evacuated jacket. The specific action of the microwave field was
only observed for the Ag/a-Al,O; catalyst subjected to a reducing treatment
before measurements. In an oxidative atmosphere, no differences were observed
between the experiments performed under microwave and thermal conditions.
The effect was discussed taking into account another observation: formation of
defects in the bulk of silver particles and on the surface is suppressed in a reducing
atmosphere.

According to Roussy, structural changes or “electron behavior” effects are one of
several possible reasons behind the increase of selectivity in the isomerization of
2-methylpentane on Pt/Al,O; catalysts, including 0.3% Pt/Al,O, (EuroPt-3) and
on 0.3% Pt—0.3% Re/Al,O4 (EuroPt-4) [17]. In the case of the EuroPt-3 catalyst
containing 0.95% ClI, the selectivity to branched isomers was enhanced twofold
under MW conditions. In the case of EuroPt-4, which is a bimetallic catalyst,
the product distributions differed for the MW -assisted process and conventional
heating.

Another nonthermal effect was revealed for the BaBiO,_, catalyst in the
oxidative condensation of methane [18]. An increase in selectivity with respect to
C, products under microwave activation was accounted for by a decrease in the
rate of carbanion oxidation because of a decrease in the concentration of oxygen
adsorbed by the catalyst. The different behaviors of catalysts activated under
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the microwave and thermal conditions were confirmed by the measurements
of the real and imaginary complex permittivity components under microwave
conditions (single-mode, high-power microwave field heating catalysts) and in
a classic resonator (multi-mode conductivity measurements [18] with a reduced
microwave power supply after the thermal treatment of the sample). When the
catalyst reached a temperature higher than 500°C, the imaginary permittivity
component increased in oxygen and air. Conversely, the dielectric loss decreased
in an inert atmosphere (helium). The authors explained these effects in terms
of suppression of redox processes under microwave conditions. It was noted
that the metallic behavior corresponded to a maximum degree of BaBiO,_,
system reduction (x =0.49), and it was concluded that the electromagnetic field
decreased the rate of oxygen adsorption.

14.3
Use of Microwave Activation in Catalytic Processes of Gas and Oil Conversions

Some examples of the application of microwave radiation in processes of gas pro-
cessing, including dry methane reforming and oxidative coupling of methane, are
given in the review by Zhang and Hayward [19]. A few applications of microwave
activation in oil sands and oil processing are given in the review by Mutyala and
coworkers [20]. The examples include, inter alia, bitumen extraction, upgrading
heavy oils, removing heteroatoms, and the underground heating of oil sands to
reduce bitumen viscosity and allow it to be pumped to the surface.

Among the gas-phase catalytic reactions that most frequently were subjected to
stimulation by microwave fields, the following processes are worth noting: (i) CO,
reforming of methane, (ii) oxidative coupling of methane, and (iii) partial oxida-
tion of higher hydrocarbons. In the first two reactions, which are of great impor-
tance for practical applications, the key efficiency factor is the achievement of high
selectivity with respect to the desired products at equal reagent conversions in
comparing thermal and MW conditions.

14.3.1
Hydrogen Production

One of the reactions considered with respect to hydrogen production from natu-
ral gas is the water/gas shift reaction (Eq. (14.1)) [21]. When the steam/CO ratio
is low (about 1), the curve of CO concentration has a different shape in the case
of the thermal and microwave treatments with the performance of the catalyst
being more efficient under microwave irradiation. With an increase in reaction
temperature or steam/CO ratio, a less significant increase in CO conversion is
observed. This was attributed to the more efficient energy absorption by steam
and the catalyst under microwave irradiation. The kinetics of MW -assisted water
gas shift reaction on a Cu—Zn-based catalyst has also been examined [22]. The effi-
ciency of the low-temperature water/gas shift reaction increases with increasing
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temperature and steam/CO molar ratio. The heat generation from microwave irra-
diation was always larger than that from the chemical reaction:

CO + H,0 — CO, + H, (14.1)

14.3.2
CO, Conversion

The reaction of CO, reduction leading to formate was explored under MW irradi-
ation [23]. Neither formaldehyde nor methanol was found in the products. NaBH,
was the reducing agent. The reaction duration was 5 min.

Carbon dioxide reforming of methane (Eq. (14.2)) on carbon-based and
Ni/Al, O, catalysts was investigated from the point of view of energy consump-
tion, since this is the most exothermic reaction among the catalytic conversions
of methane [24—27]. The mixture of carbon and Ni/Al,O; was a more efficient
system than the individual catalysts at a flow rate of 1 m® h™! of introduced CH,.
The catalytic activity of the mixture (carbon + Ni/Al,O;) was also better than the
Ni/carbon catalyst. The energy consumed was 44.4kW hm™ of H, produced
for the carbon as a catalyst, and 4.6 kW hm™ of H, produced for the mixture
with Ni/Al,O,. The latter value is comparable to the energy consumption for
conventional steam methane reforming (1.2 kW h m™= of H, produced). Thus, the
microwave-assisted CO, reforming of CH, on a mixture of carbon and metal-
based catalysts is a benign alternative to steam reforming. The role of porosity
and pore size in dry reforming was estimated. The presence of micropores was a
necessary prerequisite for the efficient performance of the carbon catalysts. The
availability of oxygen surface groups in carbon materials was a negative factor,
especially under microwave heating:

CO, + CH, — 2CO + 2H, (14.2)

Research into the microwave plasma used to activate CO, with the formation
of hydrocarbons was reviewed in Ref. [28].

1433
Synthesis Gas (Syngas) Production

Syngas (CO+H,) is a valuable feedstock for methanol and Fischer—Tropsch
processes that can be obtained by dry reforming of methane with CO, using 2.45-
GHz microwave plasma conditions [29]. The presence of a Ni catalyst resulted
in a lower ratio of syngas compared to the plasma reaction without a catalyst.
The increase in the CH,:CO, ratio led to an increase in selectivity toward ethane
and hydrogen; thus, oxidative coupling of methane may occur under plasma
conditions.

The syngas can also be produced by partial methane oxidation with air (or
oxygen) — see Eq. (14.3) [30, 31]. Comparison with thermal process demonstrated
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Table 14.1 Effect of microwave activation on the partial oxidation of methane into syngas.

Catalyst Method of Temperature (K) CH, conversion (%) Selectivity (%)
activation ﬁ

10% Co/ZrO, MW 723 48 79 21
MW 1073 100 99 1
Thermal 873 63 66 34
Thermal 1073 94 93 7

10% Ni/La,O4 MW 673 58 74 26
MW 973 100 100 <1
Thermal 873 40 77 23
Thermal 1073 91 92 8

obvious advantages of the microwave method (Table 14.1), including the higher
conversion of methane at a lower temperature and better selectivity to CO versus
CO,. The authors explained the difference of 50—250 K between the temperatures
of reaching similar conversions under microwave and thermal conditions by the
formation of hot spots on oxygen defects:

2CH, + O, — 2CO + 4H, (14.3)

14.3.4
Methane Decomposition

Methane decomposition into char and hydrogen occurring on a carbon prod-
uct from the pyrolysis of sewage sludge was studied in a multi-mode microwave
reactor [32]. At the same MW power, the stable temperatures of the catalysts in
hydrogen, nitrogen, and methane followed the sequence: T gen > Thydrogen >
Tmethane'

A similar approach was described by Dominguez et al. [33]. The activated car-

bon was used as an MW-absorbing material to serve for CH, decomposition into
hydrogen and carbon deposits onto the activated carbon. Methane conversion was
greater under microwave conditions than with conventional heating, especially at
low reaction temperatures. An increase in the space velocity showed a negative
effect on CH,, conversion, especially for microwave heating. In some experiments,
the authors observed the formation of carbon nanofibers on the surface of acti-
vated carbon.

Acetylene is one of the intermediates formed in the conversion of methane
to carbon deposits and can be obtained as a predominant product in the MW-
assisted conversion of CH, [34]. Nickel, copper, and tungsten-based catalysts
showed fairly high activity. The decrease in the temperature of the catalyst surface
was shown to increase the extent of conversion and acetylene selectivity, as well
as the stability.
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14.3.5
Methane Steam Reforming

Methane steam reforming is an industrial process (Eq. (14.4)). It has been inves-
tigated under MW plasma at atmospheric pressure conditions [35]. Nanocarbon
powder, CO,, C,H,, C,H,,and HCN were the side products. Intermediate species,
such as OH, NH, CH, were identified by optical emission spectroscopy. The selec-
tivity to H, was as high as 92.7% for a H,O/CH, molar ratio over 0.5. Methane con-
version reached 91.6% at a H,O/CH, ratio of 1. The specific energy consumption
of H, formation was optimal at [CH,];, =5%, 1.0kW, and 121 min~!. Ni/Al,O,
catalysts loaded in the discharge zone turned out to be inefficient to enhance
methane conversion and hydrogen selectivity because of the rapid catalyst deac-
tivation by carbon deposits:

CH, + H,0 — CO + 3H, (14.4)

14.3.6
Oxidative Coupling of Methane

The oxidative condensation of methane, the main desired products of which are
ethylene and ethane, was described for the first time in the early 1980s (Eq. (14.5)).
Since then, this reaction has been the object of serious scientific interest. Cur-
rently, the practical importance of this process again manifested because of the
necessity of the utilization of natural and strand oil gases:

2CH, + O, — C,H,(or C,H,) + 2H,0 (14.5)

Numerous studies of the process illustrated by reaction (14.5) showed that
there is a kinetic limit of the yield of the desired products (20—28%). This limit
is determined by the ratio between methane and C, hydrocarbon reactivities.
At comparatively low conversions (<10-15%), an 80—85% selectivity could be
reached. However, there is a trade-off between the selectivity and the conversion
of methane. Free radical reactions substantially influence the process, because
the primary reaction product (ethane) is formed via the recombination of methyl
radicals generated as a result of methane activation with the participation of the
catalyst surface [36].

According to several authors, the use of microwave activation can cause a
decrease in the reaction temperature and a suppression of complete oxidation.
The first studies in this direction were performed by Bond et al. [37] with the
use of sodium aluminate as the catalyst. The selectivities with respect to C,
hydrocarbons obtained under thermal and microwave heating conditions did not
differ significantly, but the reaction temperatures differed by more than 400 K.
The authors reported on the changes of the composition of reaction products, the
decrease in the selectivity to CO,, and the increase in the selectivity to CO. Under
microwave conditions, the ethylene/ethane ratio increased, whereas ethane was
the main product under thermal conditions.
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Roussy also examined several mixed oxides and compared their activity in a
microwave versus thermal conditions [38]. The catalysts were La,O,, La,Zr,O,
SmLiO,, (SmLiO,),s(CaOMgO),,, Li/MgO, and BaBiO;_, No differences
between thermal and microwave regimes were found for La,Zr,O,, whereas
La, O, showed enhanced selectivity to ethylene under thermal heating. SmLiO,
and (SmLiO,), ¢(CaOMgO),, showed opposite dependencies of the selectivity
versus conversion: at low conversions, the selectivity to C, hydrocarbons reached
100% under microwave activation and was close to zero under thermal conditions.
At high methane conversions (30-40%), the selectivities were comparable (about
50-60%). The authors explained the observed effects by different ratios between
the rates of homogeneous and heterogeneous stages leading to the formation of
the desired products and side products under different heating conditions. The
rate constants for the reactions of complete oxidation of ethane and ethylene
into CO, were substantially higher under the thermal conditions, in agreement
with the observed dramatic difference in the selectivity to the C, products. The
authors assumed that the reasons were the process of complete oxidation of
C, hydrocarbons predominated in the gas phase and the substantially lower
temperature of the gas phase under microwave conditions. It was also likely that
active centers responsible for the formation of *CH, radicals were selectively
activated by the microwave field in the case of the samples characterized by high
dielectric loss values for SmLiO, and (SmLiO,), s(CaOMgO), ,.

The influence of temperature of the gas phase was investigated in detail for the
Li/MgO and BaBiO,_, catalysts [39]. Different mechanisms of the formation of
methyl radicals capable of dimerization to yield ethane were assumed for these
catalysts. In the case of BaBiO,_,, the presence of surface oxygen ions O?~ was
assumed. These active sites can cause the rupture of the C—H bond in the methane
molecule with the formation of the surface anion CH;~. The second mechanism
was established by Ito et al. [40] for the Li/MgO catalyst. It was based on the
existence of O~ ions on the surface of the catalyst. These ions could abstract a
hydrogen atom from methane to produce methyl radicals, which further could
be dimerized in the gas phase to yield ethane. It was assumed that the formation
of undesirable products (carbon oxides) occurred either by a heterogeneous or
homogeneous mechanism when the reaction was governed by the first and sec-
ond mechanisms, respectively. The influence of the gas-phase oxidation of methyl
radicals was demonstrated for the Li/MgO catalyst by diluting it with a material
(silica) inert with respect to microwave radiation. Microwave activation of the
diluted sample resulted in a selectivity with respect to C, products comparable
to that obtained via thermal heating. This result was explained by the positive
effect of the microwave activation increasing the selectivity to C, hydrocarbons
as a result of a decrease in the rate of the gas-phase oxidation of methyl radicals,
because the gas phase over the catalyst remained relatively cold. For the BaBiO,_,
catalyst, dilution with an MW-inert material did not influence significantly the
selectivity to C, products because of a lower contribution of gas-phase reactions
on this catalyst.
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Ni and coworkers [41] studied the effect of the oxygen to methane ratio in the
feed on the yields and selectivities of the methane oxidative coupling process on
La,04/Ce0,/Al,O, as a catalyst. It was found that the selectivities for ethane and
ethylene increased when oxygen was absent compared to the oxygen/methane
mixtures. Modeling of the process parameters allowed the authors to deduce that
the temperature at the center of the catalyst bed was 85 °C higher than that at
the periphery when the catalyst was MW -heated in a gas mixture with an oxygen
concentration of 12.5%; the temperature difference was 168 °C in the absence of
oxygen.

Catalysts with perovskite structures were studied by Chen et al. [42-44].
Depending on their composition and structure, perovskites can exhibit very
different electromagnetic properties; they can be insulators, metallic conductors,
superconductors, materials with superparamagnetic resistance, and dielectrics
[45]. Studies were performed for oxides serving as oxygen-conducting materials,
which included SrCe o5 Yb,, 45O, BaCe( g3La, (O3, and Li, SO, /BaCe o3La, 1;O5.
The abstraction of hydrogen from methane presumably played a key role in the
oxidative condensation of methane. It is noteworthy that the perovskite samples
can be easily heated by a microwave field to reaction temperatures. As in the case
of other MW-assisted reactions, a ~200K decrease in the reaction temperature
was revealed (Table 14.2). Differences in product distribution for microwave and
thermal processes are insignificant.

The reaction of methane oxidative coupling on mixed oxide catalysts
(BiyO3);_,(WO;), (x=0.2-0.4) was explored in Ref. [44]. Higher conver-
sions were achieved with microwave activation at the same temperatures in
comparison with the thermal process (Table 14.3). The selectivity to C, products

Table 14.2 Comparison of MW and thermal activation of methane oxidative coupling on
perovskites.

Catalyst Temperature CH, conversion Selectivity (%) Method of
(°Q) (%) heatin
CH, CH, CH, CO CO, 9
BaCe 3La; ;04 590 25 2 30 29 6 33 MW
BaCe g3La; ;04 825 25 0 38 26 1 35 Thermal

Table 14.3 Methane oxidative coupling on mixed oxide catalysts (Bi,0;),_,(WO,),.

Heating mode Temperature (°C) Methane Selectivity (%) C,H,/C,H
conversion (%) c,* co co,

Thermal 840 20 62 20 18 2.8

MW 525 20 72 11 17 1.3

MW 580 30 65 12 23 1.8
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increased under microwave conditions because of suppression of the contri-
bution of complete ethane oxidation to CO,. The ethane and ethylene ratios
were substantially different for the two methods of activation. The results were
interpreted on the basis of the relationship between the mobility of lattice oxygen
and catalytic properties [46, 47], and the influence of microwave activation on
the transport of ions [48, 49].

It should be noted that the results of the studies of the microwave activation
in the oxidative coupling of methane are quite contradictory. In particular, some
of the results are in conflict with the existence of the kinetic limit independent
of the particular mechanism and localization of its separate stages. Neverthe-
less, the decrease in the reaction temperature by ~200 K under microwave condi-
tions with some increase in the selectivity to C, hydrocarbons seems to be well
established. It is hardly probable that the use of microwave radiation changes
the mechanism of methane activation involving the formation of primary methyl
radicals.

The role of MW plasma was also examined in the application to the methane
oxidative coupling using metals supported on ZSM-5 zeolite, although this cata-
lyst was never considered as an active or selective catalyst for this reaction [50].
The metals included Fe, Ni, Co, and Cu. Methane conversion to C, products was
found to be enhanced under MW -plasma conditions compared to the thermal
mode. The catalysts at the input power of 120 W, pressure of 5—10 Torr, flow rate
of 125 mlmin~!, and a methane/oxygen ratio of 4: 1 were ranked in terms of the
conversion as follows: Co—ZSM-5 > Fe—ZSM-5 ~ Cu—ZSM-5 > Ni-ZSM-5. The
selectivity to ethylene was not very high (29.8%) compared to that of ethane (about
10%); acetylene was the major product (49.9%). The highest conversion was 54.9%
for Co—ZSM-5. It was established that the higher the frequency, the higher the
efficiency of the process.

The same MW -plasma approach was also used in the conversion of methane to a
mixture of C, hydrocarbons, H,, and carbon black on a Pd-NiO/y-Al, O, catalyst
[51]. The yield of C, hydrocarbons increased by 63.7% in the microwave plasma.
The Pd-NiO/y-Al, O, catalyst turned out to be more active than Pt—Sn/y-Al,Os,
owing to deposition of carbon on the surface of the first catalyst. In the case of
radio-frequency plasma, the C, yield was 72%.

14.3.7
Partial Oxidation and Other Hydrocarbon Conversion Processes

The catalytic partial oxidation of organic compounds of various classes is a basic
reaction of many fundamental organic syntheses and petrochemical processes. In
the past decades, such processes with the participation of hydrocarbons (basically
saturated hydrocarbons) have attracted special attention because of the opportu-
nities of production of valuable chemical products.

The first experiments to use microwave fields in such processes were described
by Wan [5] in the steam conversion of hydrocarbons (Table 14.4). Microwave acti-
vation was assumed to initiate the dissociation of adsorbed water into OH*® and H®
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Table 14.4 MW activation of partial oxidation of C,~C, hydrocarbons.

Hydrocarbon Catalyst Process conditions Products
Methane Ni H,O (steam) Methanol, acetone, dimethyl ether
Methane Ni Pulse MW activation, Acetone, C,, C;, methanol,

H,O (steam) ethanol
Propane Ni H,O (steam) Methanol, propanols, butanols
Propene CuO H, O (steam) Propanol, ethanol, acetone,

propylene oxide

n-Hexane CuO H, O (steam) Methanol, propanol, hexanone
Cyclohexane V,04 H,0, Cyclohexanol, cyclohexanone

radicals, albeit the yields of oxygen-containing compounds were very low (~5%)
under microwave methane activation.

Conde et al. [52] showed that the microwave frequency affects substantially the
catalytic process. While studying the oligomerization of methane on nickel cata-
lysts, the authors showed that the variation of the microwave frequency changed
the composition of reaction products. In the entire range of frequencies studied,
an increase in the MW radiation power increased the conversion of methane and
decreased the selectivity to C, hydrocarbons. At a 4.6 GHz frequency, an increase
in input power resulted in a decrease in the selectivity to ethane and ethylene with
a simultaneous increase in the selectivity to acetylene and benzene. Noteworthy;,
at 2.45 GHz, acetylene was not formed at all. An increase in the frequency at a
constant input power caused an increase in the selectivity to benzene. The use
of an inert diluent (helium) also changed the reaction pattern and the selectivity
to different products under microwave conditions. These data led the authors to
conclude that the reason behind the changes in the reaction pattern was the vari-
ation of the real temperature of the process rather than some specific microwave
activation of the reactants or the catalyst. The ability of the catalyst to transform
the microwave energy into heat demonstrated the dependence with a maximum
versus the MW frequency. Thus, the operating frequency is a critical parameter
to influence the amount of heat released and the real temperature of the catalyst,
and ultimately the product distribution.

Microwave heating has also been used to perform other reactions, namely, (i)
the isomerization of 2-methylpentane on Pt/Al,O, [53], (ii) the epoxidation of
ethylene on Ag/Al,O; [54], and (iii) the hydrocracking of cyclic hydrocarbons [3].

Mora et al. studied the conversion of C;,—C, paraffins under MW-plasma
conditions (argon microwave discharge, 2.45GHz, reduced pressure) [55].
Optical emission spectroscopy was used to estimate the plasma temperature. The
microwave power and the feed flow rate affected both the conversion and the
selectivity, with the main products being hydrogen and ethylene. The selectivity
to hydrogen was quite high at a low input power (100—150 W). However, at
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a higher power (>300W) or increased contact time, ethylene was the major
product. Carbon deposits also formed.

Syngas was produced by MW-plasma conversion (reforming) of diverse
hydrocarbons that include methane, isooctane, and gasoline [56]. The rates of
both hydrogen and carbon monoxide formation increased with increased power
and decreased with diminishing total flow rate. The maximum efficiency was
only 3.12% with isooctane at a power consumption of 28.8 W, O/C ratio of 1, and
0.1gmin~! of fuel supply. The better performance was observed with the use of
liquid fuels rather than methane.

Reforming of n-hexane into CO +H, was studied under atmospheric steam
plasma using a microwave discharge [57]. Emission spectra showed that O, H,
and OH were present in the plasma. The conversion of the hydrocarbon and steam
depended on the plasma power, as well as the ratio and total flow rate of the feed
components.

Styrene is one of the large-scale chemicals whose further conversion into valu-
able products has been widely studied. Epoxidation of styrene by O, proceeds
quite effectively under MW conditions (40 W) on sulfated Co—Y-doped ZrO,
as a catalyst [58]. The same conversion can be achieved at shorter times under
microwave conditions in comparison with thermal heating. The selectivity to the
target product diminishes at a higher input power (800 W) and styrene glycol is
formed. The best solvent for this reaction was dimethylformamide, one of the
best MW -absorbing organic solvents. The maximum selectivity for styrene oxide
was 91% at 120°C.

Aliphatic alkenes were also studied as substrates of the MW -stimulated reac-
tions, including partial oxidation [59]. For instance, cyclohexene can be selectively
converted either into the epoxide with a 65% conversion and 75% selectivity or
into the enol with 70% conversion and 80% selectivity, or into the enone with 99%
conversion and 89% selectivity. The reaction time ranges from 1 to 20 min. A Co-
salen/SBA-15 catalyst was used without any solvents.

Effective use of microwave heating in the oxidation of alkenes and alcohols
under the action of hydrogen peroxide was described in Ref. [60]. The catalyst was
a MCM-41 type mesoporous titanium silicate modified by organic compounds.
It was recycled several times without activity loss. Another example of alkene
oxidation under MW activation is reported by Gourari et al. with ethylene as the
substrate and 1% Pt/Al,O, as the catalyst [15].

The effect of microwave radiation in the oxidation of benzene to phenol was
examined with the use of nitrous oxide as a mild oxidizer, a very promising
one-stage method for the production of phenols [61]. Microwave activation
of the zeolite catalyst of this reaction (Fe—ZSM-5) was used to decrease the
contribution of coking. Although some increase in selectivity with respect to
phenol and a decrease in the rate of catalyst deactivation were observed, no
substantial improvement of process characteristics was obtained.

Vanadium-containing catalysts have been shown to be suitable in MW -assisted
oxidation processes [62], because of the gopod MW absorption capacity of V,Ox.
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This was demonstrated in the reaction of o-xylene oxidation with air into phthalic
anhydride with high yield (67%) at 563 K on V,0;/SiO,. The dispersion of V,O; on
SiO, was more homogeneous when the catalyst was prepared by the microwave
method. The temperature of the MW process was about 100 °C lower compared
to the thermal conditions.

Zeolites modified with transition metals were used as catalysts under
microwave irradiation [63]. Two main dielectric mechanisms of microwave
heating were determined in zeolites: rotational polarization phenomenon and
interfacial polarization. The selective catalytic oxidation of styrene with H,O,
resulted in the formation of benzaldehyde.

Positive effects of the in situ microwave activation were reported by Wan and
coworkers in the hydrocracking of naphthenes [64].

Regioselective alkylation of naphthalene with alcohols occurs on H-mordenite
(SiO,/Al, O, = 240) under microwave irradiation [65]. For the microwave-assisted
reaction, high reaction rates and high selectivity for 2,6-dialkylnaphthalenes were
found. In the reaction of 2-isopropylnaphthalene with isopropyl alcohol,
the conversion and the selectivity were 43.5% and 66.4%, respectively. In
di-tert-butylation of naphthalene with tert-butyl alcohol, the conversion and
the selectivity reached 86.5% and 70.4%, respectively. Both conversions and
selectivities were enhanced by microwave heating.

14.3.8
Oxidative Dehydrogenation

Two oxidative dehydrogenation reactions have been studied from the viewpoint
of the in situ application of microwave radiation for the conversion of ethane to
ethylene and ethylbenzene to styrene. In this regard, Nigrovski et al. explored the
styrene production on multiwalled carbon nanotubes modified by iron oxide [66].
The optimal catalyst composition was 3% Fe,O,/multi-wall carbon, nanotubes
(MWCNT) which operated at 380—450°C. The oxide Fe,O, was reduced into
Fe nanocrystals encapsulated by polyhedral graphite shells only under microwave
conditions.

Microwave-assisted oxidative dehydrogenation of ethane into ethylene was
studied using a kinetic approach consisting of the comparison of kinetic depen-
dencies (shape of kinetic equations, “selectivity or yield vs. conversion” curves)
and apparent parameters (activation energies) obtained in thermal and MW
modes [67]. Three types of catalysts were studied: VSbO,, VMoNbO,, and
VMoO,. Note that the ability to absorb MW energy changes in the order:
VSbO, > VMoNbO, > VMoO,; the first catalyst could be heated up to about
800 °C within 2 min in a mono-mode MW unit with a 100% efficiency (the entire
MW energy is absorbed by the catalyst). In the case of VMo and VMoNb oxides,
a distinct difference between ethane yields was observed at given conversion of
limiting reactant (oxygen). The Arrhenius plots obtained for these catalysts under
thermal and MW regimes are shown in Figure 14.1. It is clear that the largest
effect of the MW radiation is found for the VMoO,, catalyst (curves 5 and 6).
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Figure 14.1 Arrhenius plots (k is the overall ethane conversion apparent rate constant):
1 - VSbO, microwave, 2 - VSbO, thermal, 3 — VMoNbO, microwave, 4 - VMoNbO,
thermal, 5 - VMoO, microwave, 6 - VMoO, thermal.

14.3.9
Oil Processing

Desulfurization of crude oil and dibenzothiophene was explored under MW acti-
vation [68]. Iron powder proved to be an efficient catalyst, though no comparison
was made with the thermal regime.

The hydrocatalytic process was developed in a reverse microemulsion using
microwave irradiation [69]. The mixed oxides CoMo/Al,O5; and NiMo/Al,O,
were used as catalysts. The demetallization and desulfurization processes were
studied using such model compounds as nickel(II) phthalocyanine tetrasulfonate
tetrasodium salt, nickel tetraphenylporphyrin, and thiophene. The phthalocya-
nine and porphyrin were demetallized to about 85% and 60%, respectively. The
extent of desulfurization of thiophene was close to 92—93%. These conversions
exceed most reported data. The catalytic hydrodesulfurization was also used with
a real sample of Venezuelan heavy oil; a rather high desulfurization activity (59%)
was achieved at a short reaction time. The extent of hydrodemetallization of the
heavy oil containing nickel and vanadium was over 35% and 47% for Ni and V,
respectively.

14.4
Prospects for the Use of Microwave Radiation in Oil and Gas Processing

The majority of results available in the literature on microwave effects in cat-
alytic processes of oil and gas conversion provides convincing evidence that MW
activation can enhance the reaction rate and change product selectivity, while
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decreasing the reaction temperature. However, the barriers to overcome on the
way to industrial application of MW irradiation in such catalytic processes are
related to the problem of scaling up. Moreover, there are several examples on
the positive effects of microwave plasma; however, unlike corona discharge and
some other types of plasma, microwave plasma requires the use of reduced pres-
sures (typically 1050 Torr) that significantly suppresses the space-time yield of
the desired products.

In mastering the technology for MW-assisted oil and gas processing, one
should take into account that oil components and most gases are not absorbing
the microwave irradiation, so the only option is to use the catalysts that are capa-
ble of strongly interacting with the microwave radiation. The Maxwell—Wagner
interphase polarization mechanism can efficiently operate in mixed oxide
catalysts: for instance, catalysts of oxidative dehydrogenation of ethane or
ammoxidation of propane or conversion of propane into acrylics that consist
of several well-characterized phases of vanadium and molybdenum oxides with
additives of tellurium, antimony, or niobium.

It is important to emphasize that microwave activation is widely used in the
preparation of heterogeneous catalysts. In fact, microwave activation of catalysts
either at the stage of decomposition of precursors or further reduction allows
skillful scientists to prepare unique materials with very uniform distribution of
supported metal or metal oxide nanoparticles in diverse (MW absorbing or not)
matrices. The MW -assisted preparation of catalysts allows one to accelerate the
procedure. In the case of catalysts consisting of several phases, the replacement of
traditional heating with microwave heating can contribute to the preferable for-
mation of specific phases.

Special attention should be paid to bifunctional catalysis, in which the different
stages of the process take place on different components of the catalytic system.
A typical example is the transformation of hydrocarbons on metallic catalysts
deposited on acid carriers. A metallic component (typically a Pt family metal) acti-
vates the initial molecule by breaking bonds and/or by charge transfer (dehydro-
genation, hydrogenolysis), whereas carbon skeleton transformations (alkylation
and isomerization) occur on acid centers of the carrier. Simultaneous hydrogena-
tion/dehydrogenation, cyclization, aromatization (and other processes) can occur
on both complex catalyst components in various combinations. Microwave radi-
ation generates temperature gradients in a heterogeneous system whose com-
ponents interact differently with the electromagnetic fields that can then cause
substantial changes in the rate of the process and, which is especially important,
in the distribution of reaction products [70].

Although oil processing under MW radiation is unlikely to occur in the near
future because of upscaling problems, the use of MW technologies for some gas
processing remains an attractive perspective, because the volume of the reactors
in these processes is much smaller compared to the oil processing and petro-
chemistry. Of course, this can be considered only for processes and catalysts that
have demonstrated significant advantages over conventional thermal processes
through optimization of MW conditions that include the operating frequency,
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input power, gas mixture flow rate, contact time, and the configuration of the
microwave electromagnetic field. With regard to the latter, a multi-mode reac-
tor, or a mono-mode resonator reactor can be used. An appropriate comparison

should be made to determine the best reactor design.
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Algal Biomass Conversion under Microwave Irradiation
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15.1
Introduction

Effective utilization of biomass is important for chemical industry and energy
production to reduce their strong dependency on fossil resources and promote
effective use of renewable biomass. Exploitation of local biomass is also beneficial
for regional economy in the rural areas. Algae have been expected as the third-
generation biomass next to the starch-based biomass (the first generation) and
the lignocellulose (the second generation). Alage generally grow fast with high
production at unit area. Cultivations of algae are less competitive with food pro-
duction. They can also contribute to bioremediation of waste water and eutrophic
ocean by capturing nitrogen, phosphorus, and heavy metals. Moreover, algae can
be more easily converted to useful chemicals than lignocellulose since they do not
contain lignin.

Macroalgae accumulate hydrocolloids (also called as phycocolloids), such as
alginate, carrageenan, agar, and fucoidan, which are usable as feedstock for food
ingredients, health-promoting foods, polymer materials and so on. For instance,
macroalgae can be converted to biofuels by genetically modified microorganisms
(Escherichia coli and yeast) that is capable of utilizing brown algae alginates
[1, 2]. Microalgae, on the other hand, particularly accumulate oils (triacylglyc-
erols and hydrocarbons), which are applicable as biodiesel, gasoline, naphtha,
and jet fuels [3]. Proteins and pigments are also available from microalgae [4].

Hydrothermal treatment is one of the effective conversion processes of algal
biomass, since they do not require energy-consuming drying process of wet algae.
Hydrothermal treatment is a collective term of reactions in water medium at
high temperature under above saturated vapor pressure. Increase in temperature
decreases ion product of water under hydrothermal condition and initiates
autohydrolysis of substrate without addition of catalysts. At the same time,
decrease in the dielectric constant increases solubility of less polar compounds
[5]. These unique properties of hydrothermal reaction have been widely utilized
in synthesis of inorganic materials and treatment of organic wastes as a green

Microwaves in Catalysis: Methodology and Applications, First Edition.
Edited by Satoshi Horikoshi and Nick Serpone.
© 2016 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2016 by Wiley-VCH Verlag GmbH & Co. KGaA.
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processes. Hydrothermal treatment has also been used as pretreatment of ligno-
cellulose before enzymatic hydrolysis [6]. In the case of microalgae treatments,
hydrothermal treatment is applied to liquefaction of microalgae to produce
biocrude oils [6]. Hydrothermal liquefaction of algae at around 300-350°C
converts oils, carbohydrates, and proteins into biocrude oils, and then they are
transformed to naphtha, gasoline, and jet fuels via hydrogenation.

The microwave irradiation technology has been applied to accelerate hydrother-
mal treatment of biomass. Microwave irradiation promotes molecular motion
of dipolar molecules and electrolytes contained in a solution, generating heat
by dielectric and conduction losses. Microwave irradiation can directly heat
irradiated materials implying that it should degrade biomass from inside. At
the same time, microwave irradiation can directly activate catalysts composed
of microwave-absorbing materials (e.g., carbon-based catalysts) and promote
a variety of organic chemical reactions [7]. Previously, we have demonstrated
that microwave irradiation and hydrothermal reaction synergistically works
together toward extracting polysaccharides and polyphenols from food waste
biomass and agricultural residues (such as tea residue, soybean residue, corn
fibers, and cassava residues) [8]. Microwave irradiation is also effective for
promoting delignification of lignocellulose to promote enzymatic susceptibility
of woods [9]. In the case of algal biorefinery, microwave irradiation have been
utilized for extraction of pigments [10], polysaccharides [11], oils [12], transes-
terification of oils [13], as well as solvothermal treatments of macroalgae and
microalgae [14].

In the present chapter, we will summarize three topics in our recent works
regarding microwave-assisted treatments especially focusing on conversion of
macroalgae: (i) the effects of microwave irradiation on hydrothermal treatment
of biomass by using model biomass compounds; (ii) synergistic effects of ionic
conductive catalyst and microwave irradiation on the hydrolysis of polysac-
charides and fast-growing macroalgae (Ulva spp.); (iii) the dielectric property
of algal polysaccharides in water to study how microwave energy affect algal
substrates.

15.2
Microwave Effect on Hydrothermal Conversion - Analysis Using Biomass Model
Compounds

15.2.1
Degradation Kinetics of Neutral Sugars under Microwave Heating

Hydrothermal reaction is one of the environmentally friendly technologies
however, the selectivity of the product is sometimes limited. In the case of biore-
finery process, it is important to avoid degradation of sugars into by-products
such as furfurals and organic acids to improve sugar yields. Therefore, the
microwave effects on stability of neutral sugars were investigated by comparing
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Figure 15.1 The descriptions of microwave and induction ovens and their thermal
histories.

with the external heating [15]. Induction oven was used as an external heating
system to generate identical thermal histories between microwave and external
heating. The description of microwave and induction ovens was summarized in
Figure 15.1.

Microwave heating was performed by START D microwave oven (Multimode,
Frequency; 2.45GHz, maximum output; 1kW, Milestone Inc., Shelton, USA)
and HPR-100 TEM™ reactor (100-ml closed reactor made of Teflon). Reaction
temperature was controlled by PID (Propotional-integral-derivative) control with
direct temperature measurement using the thermocouple thermometer. Distri-
butions of microwave and reactant were kept homogeneous by using diffuser,
rotation table, and stirrer bar. After the reaction, the reactor was cooled in ice
bath. Induction heating was conducted by using SSN-400 (Shikoku Rika., Co.,
Kochi, Japan) equipped with a hastelloy-C lined iron autoclave (volume; 50 ml).
The temperature of the reactor was measured by the thermocouple thermometer
and controlled by PID to trace the same thermal history as the microwave
experiments. The reactant was mixed by rocking the whole induction coil unit
and the autoclave units. After the reaction, the autoclave was immediately air
cooled by fan.
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Table 15.1 Kinetic parameters of decomposition of neutral monosaccharides under
hydrothermal water (200 °C) using microwave and induction heating.

Neutral monosaccharide Microwave heating Induction heating
k(x107%s71) R? k(x107%s™") R?
Glucose 2.31 0.953 3.02 0.933
Galactose 2.13 0.974 2.39 0.987
Mannose 2.86 0.979 4.28 0.983
Arabinose 2.61 0.996 3.00 0.988
Xylose 3.87 0.998 4.38 0.998

Reproduced with permission from Ref. [15]. Copyright 2013 Elsevier.

Table 15.1 shows the degradation kinetics of five kinds of neutral sugars by
microwave and induction heating at 200 °C [15]. Microwave heating exhibited
2.13%x107*-3.87x 10~*s7! in degradation rate depending on the neutral sugars.
Hexoses were relatively stable while pentoses, especially xylose, were very fragile
to hydrothermal treatment. Although degradation behavior of each neutral sug-
ars to hydrothermal treatments were the same, induction heating exhibited higher
degradation rate by 1.1-1.5-fold for microwave heating. Similar to monosaccha-
rides, degradations of disaccharides were also suppressed by microwave heating
[16]. Figure 15.2 shows saccharification rates of maltose and cellobiose as well
as selectivities to glucose by microwave and induction heating. The results were
expressed as a function of severity parameter (logR;) calculated from the follow-
ing equation:

w) (15.1)

logR, = log t exp ( 1475

where ¢ is the reaction time (min) and 7 is the temperature (°C), respectively [17].
Microwave showed higher stability of glucose even at severe conditions at R, > 4.
In addition, glucose selectivity was also higher for microwave than induction
heating.

The degradation behavior of neutral sugars under acidic condition was summa-
rized in Table 15.2. Although sugar degradations were promoted by addition of
sulfuric acid, the order of degradation rate of neutral sugars were almost the same
as the hydrothermal degradation. Induction heating showed higher degradation
rate than microwave by 1.54—2.23-fold.

These results suggested that microwave heating can promote stability of sugars
under hydrothermal treatment. This is probably because microwave directly heats
water molecules by dielectric loss, and the water catalyzes sugar hydrolysis with
lower possibility of side reactions (Scheme 15.1a). In the case of external heating,
the heats were nonselectively input via reactor wall and facilitated both hydrol-
ysis and degradation of sugars with lower glucose selectivity (Scheme 15.1b), a
phenomenon well known as the wall effect.
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Table 15.2 Kinetic parameters of decomposition of neutral monosaccharides under dilute
sulfuric acid (180 °C, 0.8% w/w) using microwave and induction heating.

Neutral monosaccharides

Microwave heating

Induction heating

k(x1073s77) R? k(x1073s71) R?
Glucose 0.61 0.999 1.07 0.979
Galactose 0.75 0.998 1.23 0.971
Mannose 1.09 0.981 2.05 0.831
Arabinose 1.18 0.998 2.63 0.949
Xylose 2.00 1.000 3.08 0.995

Reproduced with permission from Ref. [15]. Copyright 2013 Elsevier.
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Scheme 15.1 Proposed degradation mechanism of disaccharides by hydrothermal
hydrolysis using (a) microwave and (b) induction heating.

15.2.2
Effects of lonic Conduction on Hydrolysis of Disaccharides under Hydrothermal
Condition

Dielectric loss of water decreases with increase in the temperature due
to increase in molecular mobility of water molecules. Okada et al., have reported
that relative permittivity and dielectric loss of water at hydrothermal condition
significantly decreased and the dielectric dissipation peak shifted to higher
frequency [18]. Therefore, water is less affected by microwave as they are heated.
On the other hand, electrolyte solutions such as sea water become more easily
heated by microwave at elevated temperature due to an increase in ionic conduc-
tion. For instance, foods containing a lot of salts are more heated when the get
hotter [19].

The effects of electrolytes on hydrothermal hydrolysis of cellobiose were
shown in Figure 15.3a. By addition of small amount of NaCl, saccharification
rate effectively increased with reduction in energy consumption by 30—40%. The
comparison of Arrhenius Plot demonstrated that the addition of electrolytes
was effective for improving frequency factor (Figure 15.3b). The valence of the
electrolyte also affected hydrolytic behavior. Divalent cations showed higher
saccharification rate at lower reaction temperature than monovalent cations
(Figure 15.3¢). The effect of ionic conduction of salt is also effective for hydrother-
mal treatment of salty food waste biomass. Previously, we have shown that pickled
stones of Japanese apricot (Prunus mume) are more easily heated and hydrolyzed
by microwave than untreated ones [20]. The synergistic effects of salt and citric
acid in the pickling juice promoted higher microwave absorption of the reaction
medium.
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15.3

Hydrolysis of Biomass Using lonic Conduction of Catalysts

15.3.1
Hydrolysis of Starch and Crystalline Cellulose Using Microwave Irradiation and
Polyoxometalate Cluster

Homogeneous acids effectively work as both acid catalyst and microwave
sensitizer through ionic conduction. We have been applied polyoxometalate
(POM) cluster (heteropoly acids) as a super strong acid and less corrosive
catalyst for hydrolysis of biomass [21]. POM is a high molecular weight anion
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composed of phosphate and silicate as hetero ions and tungstate and molybdate
as addenda ions. The strong acidity of POM has been used in wide variety of
organic chemical reaction as well as biomass hydrolysis [22]. In the present
study, the effects of phosphotungstic acid (H;PW,,0,,; PW) and silicotungstic
acid (H,SiW,,0,,; SiW) were investigated for hydrolysis of corn starch and
crystalline cellulose (Avicel cellulose, cotton linter, and a-cellulose) as model
biomass substrates [23]. Relatively high saccharification rates (>80.4% for corn
starch and >39.0% for Avicel cellulose) were obtained at short duration of
reaction (5—10min) with low concentration of POMs (2—14 mM). POM was
stable enough under microwave irradiation (160-200C) and they could be
recycled at least four times by diethyl ether extraction. Microwave produced
relatively higher amount of reducing sugars with lower selectivity to glucose than
induction oven. Microwave irradiation exhibited higher selectivity to oligosac-
charides (Figure 15.4a), indicating that microwave irradiation could promote
hydrolysis of sugar chain from inside. In addition, aqueous solutions of POMs
are easily heated by microwave irradiation due to their high ionic conduction.
The energy consumption required for hydrolysis is, therefore, reduced from the
normal hydrothermal hydrolysis or strong acid resins which are less affected by
microwave (Figure 15.4b).
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Figure 15.4 Effects of polyoxometalate clus- glucose and (b) comparison of POMs and
ter and microwave irradiation on hydrolysis  strong cation exchange resins on microwave
of corn starch and Avicel cellulose: (a) com-  energy consumption. Reproduced with
parison of microwave (MW) and induction permission from Ref. [23]. Copyright 2013
heating (IH) on yields of reducing sugar and  Elsevier.
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15.3.2
Hydrolysis of Fast-Growing Green Macroalgae Using Microwave Irradiation and
Polyoxometalate Cluster

The effects of POM were further investigated for hydrolysis of Ulva spp. as a real
biomass. Ulva spp. is a kind of green macroalgae and often brings about green tide
at eutrophic ocean. The stranded seaweeds deteriorate and release a strong odor,
so they are routinely collected and burned. The green-tide is becoming a big issue
in Japan, China, and Europe. On the other hand, the fast growing rate of Ulva spp.
is attractive for production of algal biomass. Recently, Hiraoka and his coworkers
found that Ulva meridionalis [24] even doubles a day (Figure 15.5, [25]), and they
are attractive biomass resource for capturing carbon dioxide.

The effects of POMs and microwave irradiation were, then, investigated on
the hydrolysis of polysaccharides in Ulva meridionalis [26]. Ulva spp. predomi-
nantly contains sulfated glucuronoxylorhamnan (ulvan, Figure 15.6a) as a major
polysaccharide and they are potentially used as a food ingredients as well as
biomedical applications [27]. Ulva spp. also accumulates starch and cellulose as
storage and structural polysaccharides. The sugar yields (neutral sugar and uronic
acids) attained maximum value of 35% at 160°C and 10 min of hydrolysis by
using 2 mM of PW (Figure 15.7). The monosaccharide analysis showed that major
hydrolysates were consisting of glucose and rhamnose, which are originated from
ulvan and starch. Glucose is one of the most important feedstock to produce
building block compounds such as ethanol and lactic acids. Rhamnose is a kind
of rare sugar, which is a raw material as sweetener and flavoring ingredients [28].
PW and SiW exhibited higher activity than sulfuric and hydrochloric acids due to
their stronger acidity at the same concentration (50 mM, Figure 15.8a). The size
exclusion chromatograms showed that POMs could degrade acidic polysaccha-
rides into monosaccharides; however, catalysis of sulfuric and hydrochloric acids

r

Figure 15.5 Ulva meridionalis. The photograph was kindly supplied from Dr Masanori
Hiraoka at Kochi University.
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Figure 15.6 Typical chemical structures of algal hydrocolloids of green, brown, and red
algae: (a) ulvan, (b) rhamnan sulfate, (c) alginates, and (d) carrageenans.
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Figure 15.7 Effects of reaction temperature on polyoxometalate cluster (2mM) and
microwave irradiation on hydrolysis of Ulva meridionalis. Reproduced with permission from
Ref. [26]. Copyright 2014. The Royal Society of Chemistry.

were not enough to obtain monosaccharides (Figure 15.8b). Microwave heating
showed higher sugar yields than induction heating by 9% (neutral sugar) and
33% (uronic acid) at the same thermal history (Figure 15.8c). Since uronic acids
are fragile to heat, microwave could improve their stability under hydrothermal
condition by avoiding the wall effect. Microwave should also affected catalysis of
POMs by strong microwave absorption due to ionic conduction. These synergistic
effects of microwave irradiation and POM catalysis worked together toward
obtaining useful sugars from fast-growing Ulva spp.



50 mM

15.4  Dielectric Property of Algal Hydrocolloids in Water | 313
70k 20k10k 6k Monomer
400
—— Distilled water
350 — H,S0,
*.; 300 HCl
E 250 > - PW
B
E 200 g
2 2
= 150 =
4
» 100
50 A)‘
0
PW Siw PMo HCI H,SO,
®m Neutral sugar @ Reducing sugar 0O Uronic acid 8 12 16 20 24
(a) (b) Elution time (min)

= Uronic acid
o Reducing sugar

500
—~ 400}
‘C)
()]
E 300}
[2]
o
[]
S, 200
&
(=]
>
@ 100}
0
(c)

Figure 15.8 Effects of polyoxometalate clus-
ter and microwave irradiation on hydrolysis
of Ulva meridionalis: (a) comparison of POMs
(PW; phsophotungstic acid, SiW; silicotungstic
acid, PMo; phosphomolybdic acid), HCl, and
H,S0, on yields of neutral sugar, reducing

15.4
Dielectric Property of Algal Hydrocolloids in

15.4.1

H

sugar, and uronic acids, (b) size exclusion
chromatograms of the hydrolysates, and (c)
comparison of microwave and induction
heating. Reproduced with permission from
Ref. [26]. Copyright 2014. The Royal Society
of Chemistry.

1
MwW

Water

Comparison of Dielectric Property of Aqueous Solution of Hydrocolloids Obtained from

Algae and Land Plants

The heating behavior of reactants under microwave irradiation is strongly depen-
dent on dielectric property of the irradiated materials. The aqueous electrolyte
solution is, for instance, heated by dielectric and conduction losses due to rota-

tion of dipolar molecules and ionic cond

uction of electrolytes, respectively. Par-

ticularly, hydrocolloids in macroalgae are a kind of polyelectrolyte substantially
substituted by acidic functional groups such as carboxylic and sulfate groups. For

example, alginates, extracted from brown

algae, are a block copolymers composed



314

Relative permittivity

Relative permittivity

15 Algal Biomass Conversion under Microwave Irradiation

of p-mannuronic acid blocks (M) and L-guluronic acid block (G) as well as MG
blocks. Carrageenans and agar, extracted from red algae, are composed of sulfated
and anhydrous galactose residues. These acidic functional groups were expected
to affect dielectric property of the aqueous solution of the hydrocolloids; there-
fore, the relationship of chemical structure of the algal hydrocolloids (e.g., ulvan,
rhamnan sulfate, sodium alginate, and carrageenan, Figure 15.6a,b,c,d) and their
dielectric property were analyzed between 100 MHz and 20 GHz using the dielec-
tric probe kit with a network analyzer (Keysight Technologies 5242A Network
Analyzer) [29, 30].

Figure 15.9 shows typical dielectric spectra of sodium alginate and x-
carrageenan. Corn starch and Citrus pectin originated from land plants were also
presented as controls. All the spectra showed peaks due to dielectric relaxation
of water at around 20 GHz at room temperature (y relaxation process). The
spectra of sodium alginate and k-carrageenan also showed significant increase
in the lower frequency due to ionic conduction. Ulvan and rhamnan sulfates
showed similar dielectric property as carrageenan [30]. Corn starch did not
show any ionic conduction because they do not have acidic functional groups.
Citrus pectin, on the other hand, showed slight ionic conduction because it
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retains carboxylic groups on galacturonic acid residues. These results indicated
that aqueous solutions of algal hydrocolloids are significantly dependent on
ionic conduction of acidic functional groups. Although increase in temperature
decreased dielectric loss of water, ionic conduction pronounced with increase in
temperature. The phenomenon coincided with the hydrothermal reaction with
addition of electrolytes (Section 15.2.2) in that salt solution become more easily
heated by microwaves at elevated temperature.

15.4.2

The Effects of the Degree of Substitution of Acidic Functional Groups on Dielectric
Property of Aqueous Solution of Algal Hydrocolloids

The effects of degree of substitution of acidic functional groups on dielectric
property were investigated by dielectric measurement of partially reduced sodium
alginates and desulfated carrageenans, ulvan, and rhamnan sulfate (Scheme 15.2).
Sodium alginates were reduced using 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide (EDC) and sodium borohydride (NaBH,) (Scheme 15.2a) treatments
[31]. Sulfated hydrocolloids were first protonated by the addition of strong ion-
exchange resin to produce H*-form hydrocolloids, and then desulfated by solvol-
ysis (Scheme 15.2b) [32]. The typical dielectric spectra of the reduced sodium algi-
nate and desulfated carrageenan were shown in Figure 15.10. Reduction of sodium
alginates (reduction rate = 43%) significantly decreased ionic conduction at lower
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(a) sodium alginates, (b) k-carrageenan in Reproduced with permission from Ref. [29].

water (2.0 wt%). The dashed lines represent ~ Copyright 2015 Elsevier.

frequency; however, this did not affect dielectric loss of water. Desulfation of car-
rageenan also showed decrease in ionic conduction without change in dielectric
loss at higher frequencies. Desulfation of ulvan and rhamnan sulfate also showed
the similar behavior as carrageenans [29]. In addition, the exchange in counter-
cation of sulfate group has led to significant increase in ionic conduction, because
proton in aqueous solution shows higher conductivity than other ions. The phe-
nomenon is well known as the Grotthus mechanism or proton relay [33]. The high
conductivity of proton was also effective for promoting dielectric property. These
results confirmed that the acidic functional groups and their counter cations
generate ionic conduction, which strongly affects the dielectric property of the
solution.

Relative permittivity of aqueous solution of hydrocolloids was higher than
that of water (Figure 15.10a,b), indicating that hydrocolloids behave as a water-
structure-maker (kosmotropes) [19]. Basically hydrocolloids are hydrophilic
compounds, however, they also retain hydrophobic surface in their ring struc-
ture. On the other hand, inorganic ions, such as K* and Cl~, behave as a
water-structure-breaker (chaotropes) [19]. Therefore, contamination of salts in
hydrocolloid solution decreases relative permittivity [34].

154.3
The Correlation of Loss Tangent at 2.45 GHz and Other Physical Properties of Sodium
Alginates and Carrageenans in Water

The correlation between loss tangent at 2.45 GHz and conductivity, pH, non-
freezing bound water, relaxation time of free water, and bulk viscosity of
the hydrocolloids were shown in Figure 15.11 [29]. Loss tangent of the algal
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hydrocolloids strongly correlated with conductivity (Figure 15.11a) and dras-
tically increased at proton-rich condition below pH 2 (Figure 15.11b). This
indicates that proton is significantly important for loss tangent. Loss tangent
of hydrocolloids rich in acidic functional groups increased with an increase in
formation of bound water (Figure 15.11c). Contrary, Citrus pectin also produced
bound water up to 16% due to branch structure of the sugar chain; however, the
loss tangent did not increase. The results suggested that both proton concen-
tration and formation of bound water may be important to initiate the proton
conduction.

The relaxation time of free water was, then, calculated from the Cole—Cole
equation as shown below:

&~ €y

gf=e, + ——— 152
« 1+ (ot)l— (152

where €', €, €., j, ®, 7, and « are the relative permittivity and loss factor, the
static frequency, the infinite frequency, an imaginary unit, the angular frequency,
the relaxation time, and the distribution parameter, respectively [35]. The relax-
ation times of water were mostly around 8 ps, however, the longer relaxation time
brought larger loss tangent (Figure 15.11d). This could be due to restriction of
water molecule by hydration of proton at low pH conditions. The high loss tangent
was obtained at very low bulk viscosity (Figure 15.11e). The phenomenon may be
due to higher ionic conduction with lower restriction of ions by water molecule at
low viscosity. Finally, microwave heating efficiency was calculated from the ratio of
microwave energy used (Qmw) and the theoretical energy (Qth) calculated from
the following Eq. (15.3):

Q= mc,AT (15.3)

where m and ¢, are the mass of the irradiated medium (kg) and the specific
heat capacity, respectively [36]. The relationship between heating efficiency
and loss tangent was summarized in Figure 15.11f. Although high loss tangent
could be obtained from the high ionic conductive solution of algal hydrocolloids,
energy efficiency did not significantly change since high loss tangent brings low
penetration depth. In this case, lower frequency can be one of the solutions
to obtain good microwave penetration into aqueous solution with high loss
tangent.

The dielectric property of the aqueous solution of algal polysaccharide was
found to be determined by the dynamics of water molecules and electrolytes
under electromagnetic field. Especially, ionic conduction generated by interac-
tions among acidic functional groups, counter cations, and water molecules were
significantly important for the dielectric property. The regulation of dielectric
property of reaction system and selection of microwave frequency will be impor-
tant for efficient utilization of microwave energy for algal conversion process to
produce useful chemicals.
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15.5
Summary and Conclusions

Microwave heating was effective for hydrothermal treatment of biomass by pro-
moting stability of sugars under high-temperature water with avoidance of the
wall effect. The ionic conduction by the addition of electrolytes was very effective
for hydrothermal treatment of biomass under microwave irradiation with effi-
cient microwave energy use. Since algal biomass predominantly contains water
and electrolytes, they are highly compatible with microwave-assisted conversion
processes. Addition of electrolyte catalyst was also effective for improving both
hydrolytic activity and dielectric property of the reaction system due to ionic con-
duction. POM showed strong catalysis on hydrolysis of biomass model polysac-
charides as well as green macroalgae.

Microwave heating also has a lot of advantages as chemical engineering pro-
cesses. Microwave is capable of providing compact reactor size, short duration of
conversion process, and low severity of the reaction. Therefore, it could be applied
as small-scale and distributed biorefinery system in the rural areas where most
part of the biomass is produced. Microwave process is, therefore, a promising
technology to achieve efficient recycle of algal biomass feedstock.
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Microwave-Assisted Lignocellulosic Biomass Conversion

Tomohiko Mitani and Takashi Watanabe

16.1
Introduction

Scale-up of microwave-assisted chemical processing is a long-standing problem
for commercialization of microwave chemistry. The wavelength of 2.45GHz
microwave is 122 mm in vacuum and it is shortened in a dielectric medium in
inverse proportion to the square root of permittivity. In addition, microwave
energy is absorbed in a lossy medium and eventually converted to heat. These
natures of microwave, which are usually expressed as “penetration depth,”
make it difficult to scale-up a processing system. Unlike conventional chemical
processing such as steam heating system, a simple expansion of reactor size leads
to uneven heating because microwave energy does not reach to the center of the
reactor.

A continuous flow microwave reactor is expected as an alternative way to
increase productivity. An attractive feature of microwave-assisted chemical pro-
cessing is shortening of chemical reaction time. Since productivity is dependent
on system size and required processing time, “speed-up” of microwave-assisted
chemical processing will make up for limitation of “scale-up.” Hence, a continuous
flow system has a greater possibility to improve productivity compared with a
batch system.

A review paper [1] summarized various types of continuous flow microwave
reactors, and comparison of seven commercially available microwave reactors was
reported [2]. As an example of scale-up approach, a commercial continuous flow
microwave reactor with a capacity of 200 ml achieved the production rate between
0.5and 3.0mol h~! (1-61h~') [3]. However, the production rate is still insufficient
for a plant-scale facility.

In this section, continuous flow microwave reactors that were developed for
lignocellulosic biomass conversion are described. After conversion of lignocel-
lulosic biomass by pretreatment and subsequent enzymatic saccharification and
fermentation process is overviewed in Section 16.2, a multi-mode continuous
flow microwave reactor developed in 1980s is explained in Section 16.3. Direct-
irradiation continuous flow microwave reactors developed in 2000s is described
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in Section 16.4. In Section 16.5, a pilot-plant-scale continuous flow microwave
reactor is introduced as a scale-up of the direct-irradiation reactor.

16.2
Lignocellulosic Biomass Conversion

Lignocellulosic biomass, which is derived from lignified plant cell wall compo-
nents, is the most abundant renewable organic resources on the Earth. Widely
available in large quantity and noncompeting with food supply, lignocellulosic
biomass is expected to serve as a platform for green chemicals and fuels, and
effectively mitigate greenhouse gas emission effects. Major components of plant
cell walls comprise cellulose (30—50%), hemicelluloses (10—30%), and a hetero-
geneous aromatic polymer, lignin (10—35%). The separation and conversion of
plant cell wall components have emerged as important technologies for the sus-
tainable production of renewable fuels and chemicals. Cell wall polysaccharides
are coated with lignin; thus, pretreatment disintegrating the cell walls is necessary
for conversion of the polysaccharides into bioethanol and chemicals by enzymatic
saccharification and fermentation. In conversion of storage polysaccharides such
as starch (e.g., from corn) and sucrose (e.g., from sugarcane), the pretreatment
process to remove the lignin coverage is not required, which gives higher feasibil-
ity in terms of cost balance. However, negative effects on food supply and emission
of higher CO, in overall process from cultivation to bioethanol has been pointed
out [4].

A typical bioethanol production process from lignocellulosic biomass by
separate hydrolysis and fermentation (SHF) is shown in Figure 16.1. The first step
is pretreatment of biomass to increase susceptibility of cellulolytic and hemicellu-
lolytic enzymes to their substrate by disrupting the lignin coating. The pretreated
biomass is hydrolyzed with enzymes, and the monosaccharides formed are con-
verted to bioethanol by fermentation. The enzymatic hydrolysis and fermentation

Lignocellulosic biomass

Cellulose (30-50%) -

Hemicellulose (10-30%)
Lignin (10-35%)

Pretreatment .
Fermentation

Cellulose
e | o)
Hemicellulose

— Saccharification

Figure 16.1 Bioethanol production from lignocellulosic biomass by separate hydrolysis and
fermentation (SHF) process.

Bioethanol




16.3 Multi-mode Continuous Flow Microwave Reactor

can be carried out simultaneously, which is called simultaneous saccharification
and fermentation (SSF), to suppress inhibition of glycosyl hydrolases by the
sugars. The most simple conversion process is a one-step consolidated bioprocess
(CBP), in which production of glycosyl hydrolases, enzymatic saccharification and
fermentation can be performed in a single reactor where a single micro-organism
or microbial consortium converts the pretreated biomass into bioethanol without
added enzymes. In all the conversion processes, efficient pretreatment system
is required to increase the hydrolyzability of polysaccharides with production
of a less amount of inhibitors for hydrolysis and fermentation. A number of
pretreatments including mechanical, thermal, and chemical methods have been
studied [5]. Recently, microwave pretreatment has drawn attention from the
aspects of rapid and efficient process, and pretreatments with acids, alkali,
and oxidative catalysts in aqueous and organic solvents have been applied to
hardwood, softwood, and herbaceous biomass [6].

16.3
Multi-mode Continuous Flow Microwave Reactor

A multi-mode continuous flow microwave reactor was developed in 1980s [7].
A conceptual image of the microwave reactor is shown in Figure 16.2. Lignocel-
lulosic biomass slurry soaked in water or organic solvents flows in a dielectric
tube, which passes through a metal vessel. Microwave is radiated from the irradi-
ation port to the metal vessel. As you know, electromagnetic wave is reflected on
the metal plate; whereas it can penetrate through dielectric materials with dielec-
tric loss. Lignocellulosic biomass slurry is therefore irradiated with microwave
continuously while passing through the microwave irradiation region. The metal

Microwave irradiation port

) 4

v ¥
e L b )0
NSV

Metal vessel

Dielectric tube

Figure 16.2 Conceptual image of multi-mode continuous flow microwave reactor.
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Metal vessel Microwave irradiation port

o —_———

Figure 16.3 Photograph of the multi-mode continuous flow microwave reactor with a
4.9kW microwave generator.

vessel also plays a role of fail-safe against pressure. Even though the dielectric
pipe is burst into fragments due to high pressure, the vessel prevents the high-
temperature slurry and shattered dielectric pipe from being splattered around.

A photograph of a developed multi-mode continuous flow microwave reactor
is shown in Figure 16.3. A 2.45 GHz and 4.9 kW microwave generator is attached
to the metal vessel. Ceramic is used as material of the dielectric pipe from
viewpoints of strengths in temperature and pressure. Experimental results show
that reducing sugar was obtained in a 55.7% yield from Akamatsu (Japanese red
pine) and in a 61.0% yield from Buna (Japanese beech), respectively, through
the microwave pretreatment process using the reactor shown in Figure 16.3 [7].
These woody biomass slurries were made from 1 kg of wood ground by a Wiley
mill and 101 of water. The flow rate was 10—151h~!. More than 90% of potential
glucose was obtained at the pretreatment temperatures over 200 °C for softwood,
hardwood and herbaceous plant resources such as rice straw, rice hulls, and sugar
cane bagasse [8]. These slurries were made from 1kg of lignocellulosic biomass
in 151 of 0.5% acetic acid solution. The flow rate was 8—201h~!.

A multi-mode continuous flow microwave reactor looks like a large microwave
oven, and it is simple in design. As microwave does not leak out of the vessel, most
of radiated microwave energy is eventually consumed by lignocellulosic biomass
slurry and dielectric pipe, except for backward reflection to a microwave gener-
ator. However, scale-up of the reactor is still difficult because temperature of lig-
nocellulosic biomass slurry is hardly controlled. Microwave absorptivity depends
on the permittivity, which varies as a function of temperature. If the absorptivity
of slurry increases with a rise in temperature, the reactor operation will result in
thermal runaway. In the reverse case, the slurry temperature may not reach to the
desired temperature for a successful microwave pretreatment or other microwave-
assisted chemical reactions.
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Microwave irradiation ports

¥ ¥ ¥

Glass plate
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Ligno- I- = .
cellulosic
biomass

slurry
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Figure 16.4 Conceptual image of direct-irradiation continuous flow microwave reactor.

16.4
Direct-Irradiation Continuous Flow Microwave Reactor

16.4.1
Concept of Reactor

A direct-irradiation continuous flow microwave reactor was developed in 2000s
[9]. A conceptual image of the microwave reactor is shown in Figure 16.4.
A big difference from the multi-mode reactor described in Section 16.3 is a
method of microwave irradiation. As shown in Figure 16.4, woody biomass
slurry flows through a metal pipe and it is directly irradiated with microwave
at T-junction metal pipe sections. A glass plate is placed to prevent the slurry
from leakage. Microwave can penetrate through the glass plate and heat up the
slurry.

A great feature of the direct-irradiation continuous flow microwave reactor is
flexibility to chemical reaction time and temperature. The T-junction sections as
well as microwave generators can be added to or removed from the whole system
depending on reaction time and flow rate. Also microwave irradiation power can
be changed at each T-junction section. For instance, high-power microwave can
be used at the first T-junction section for rapid heating; whereas moderate-power
microwave can be independently used at the latter sections for keeping the slurry
temperature.

16.4.2
Designing of Microwave Irradiation Section

The microwave irradiation section (T-junction section) of a direct-irradiation
continuous flow microwave reactor was designed with 3D electromagnetic
simulation. Computer-aided designing software is a powerful tool for designing
a microwave reactor in the light of not only cost and time but also visualization
of electromagnetic waves. However, it is necessary to know dielectric properties
of materials taken into simulation. Note that permittivity of materials depends
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Figure 16.5 Measured permittivity characteristics of ethylene glycol at 2.45 GHz (¢,’: real
part of relative permittivity, £,””: imaginary part of relative permittivity).

on frequency and temperature. Permittivity data of some materials are obtained
from the handbook [10]; otherwise one should measure permittivity for accurate
and meaningful simulation.

As an example of organic solvents, Figure 16.5 shows measurement results
of permittivity under temperature from 19 (room temperature) to 90°C at
the frequency of 2.45GHz [6]. The real part ¢’ and imaginary part ¢,” of
relative permittivity was measured with coaxial probe method [11]. As shown
in Figure 16.5, the measured permittivity is drastically affected by changes in
temperature.

Main evaluation items of electromagnetic simulations are reflection coefficient
at the microwave irradiation port, and power density distribution or power
absorption distribution in the analytical space. For high-power microwave
irradiation, it is also important to confirm if there is an excessive concentration
of electromagnetic field in the analytical space. Figure 16.6 shows simulation
results of power density distribution in the cross section of the direct-irradiation
continuous flow microwave reactor, when 1 kW of 2.45 GHz microwave was input
from the microwave irradiation port. The dotted rectangle shows the position
of ethylene glycol placed in the simulation model. The measured permittivity
data of ethylene glycol at 25 and 80 °C were introduced in Figure 16.6a and b,
respectively. As seen in Figure 16.6a, microwave is absorbed around the surface
of ethylene glycol at 25°C. On the other hand, microwave propagates deeply
inside of ethylene glycol at 80°C as shown in Figure 16.6b. This propagation
difference is attributed to the permittivity change with temperature. It is therefore
important to understand permittivity properties of microwave-heated materials
before conducting simulations and experiments.
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Microwave Po?v%;grﬁg)s ity Microwave
irradiation port irradiation port

Glass plate

Figure 16.6 Power density distribution in the cross section of the direct-irradiation con-
tinuous flow microwave reactor at the ethylene glycol temperatures of (a) 25°C and
(b) 80°C.

16.4.3
Prototypes of Reactors

Figure 16.7 shows the first prototype of direct-irradiation continuous flow
microwave reactor [9]. The reactor was designed for microwave pretreatment of
woody biomass slurry with organic solvents. The metal pipe size is the Japanese
Industrial Standard (JIS) 80A, and its inner diameter is 78.1 mm. Three 2.45 GHz
and 1.2kW microwave generators are mounted in line on the metal pipe via
waveguide. Each microwave generator has an isolator for protecting the generator
from reflected microwave, a three-stub tuner for impedance matching, and a

Microwave irradiation ports
(1.2kW x 3

<"‘,

”
-
”
Metal pipe

Figure 16.7 A photograph of the first prototype of direct-irradiation continuous flow
microwave reactor with three 1.2 kW microwave generators.
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Microwave irradiation ports
(5 kW x 3)

Figure 16.8 Photograph of the second prototypes of direct-irradiation continuous flow
microwave reactor with three 5kW microwave generators.

directional coupler for input and reflected power monitoring. Woody biomass
slurry flows through the metal pipe by a pump while being agitated for uniform
heating.

Figure 16.8 shows the second prototype of direct-irradiation continuous
flow microwave reactor [6]. The reactor was designed for microwave pre-
treatment of water-based woody biomass slurry, and its size and microwave
power were enhanced in comparison with the first prototype. The metal
pipe size is JIS 100A, and its inner diameter is 106.3 mm. Three 2.45GHz
and 5kW microwave generators are mounted in line on the metal pipe,
which is covered with thermal insulator for prevention from thermal
dissipation.

Experiments of microwave pretreatment and microwave-assisted reaction
in aqueous and organic solvents are described in Ref. [6]. Pretreatment in
solvents with high dielectric loss factor such as ethylene glycol and glycerol is
advantageous for conversion of microwave energy to heat. Microwave-assisted
pretreatment in glycerol-containing organic and inorganic acids was effective
for enzymatic saccharification of lignocellulosic biomass including recalcitrant
softwood. We showed that the microwave-assisted glycerolysis with acids
degraded lignin and exposed crystalline and noncrystalline cellulose [12]. In
reactions with catalysts having microwave sensitizer effects, the microwave
pretreatments shows higher sugar yield than pretreatment by conventional
external heating. For instance, significant pretreatment effects were found in
microwave reaction with ammonium molybdate and H,O, [13]. Maximum sugar
yield of 59.5% was obtained by microwave irradiation of beech wood in aqueous
solutions containing ammonium molybdate and H,O, at 140°C for 30 min,
while external heating in an autoclave gave a sugar yield of 41.8%. Selection of
solvents and catalyst is important to increase the efficiency of the pretreatment
system.
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Figure 16.9 Conceptual image of pilot-plant-scale continuous flow microwave reactor.

16.5
Pilot-Plant-Scale Continuous Flow Microwave Reactor

16.5.1
Concept of Reactor

A pilot-plant-scale continuous flow microwave reactor was developed as a
scale-up of the direct-irradiation continuous flow microwave reactor [14]. A
conceptual image of the reactor is shown in Figure 16.9. As mentioned in Section
16.1, a simple expansion of the metal pipe poses uneven heating arose from
penetration depth. The number of microwave irradiation ports is therefore
increased in the circumferential direction of the metal pipe, in order to enhance
the total microwave power and to avoid temperature imbalance of lignocellulosic
biomass slurry in the metal pipe. Then the metal pipe diameter of the pilot-
plant-scale reactor can become much larger than that of the direct-irradiation
reactor. Although lots of microwave generators need to be mounted on the
reactor, microwave power density can be dispersed in the metal pipe. In terms of
reaction time and temperature, the pilot-plant-scale reactor inherits the flexibility
originated from the direct-irradiation reactor.

16.5.2
Designing of Microwave Irradiation Section

The microwave irradiation section of a pilot-plant-scale continuous flow
microwave reactor was designed with 3D electromagnetic simulation, as well
as the direct-irradiation reactor. Figure 16.10 shows measured permittivity
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Figure 16.10 Measured permittivity characteristics of woody biomass slurry and dis-
tilled water at 2.45 GHz (¢, real part of relative permittivity, £,”": imaginary part of relative
permittivity).

characteristics of the woody biomass slurry, which consisted of 85 w/w% water,
0.03 w/w% organic acid, and 15 w/w% particles of a fast growing wood, Eucalyptus
globulus, where w/w% indicates the percent by weight. For comparison, measured
permittivity characteristics of distilled water are inserted in Figure 16.10. The
relative permittivity of the woody biomass slurry decreases as temperature rises.
This trend predicts that the penetration depth becomes shorter with a rise in
temperature.

A simulation model of the microwave irradiation section is shown in
Figure 16.11. Microwave is radiated at 2.45 GHz from four directions in every
90° toward the metal pipe. A glass plate was set between the metal pipe and each
microwave irradiation port. The metal pipe is filled with woody biomass slurry
whose permittivity data are taken into simulation. Also a metal cylinder, which
takes the place of agitator, is coaxially put in the metal pipe. Absorbing boundary
condition is set on the top and bottom surfaces of woody biomass slurry.

Figure 16.12 shows simulation results of power absorption distribution in the
cross section of the direct-irradiation continuous flow microwave reactor, when
1.5kW of 2.45 GHz microwave was input from each microwave irradiation port.
The measured permittivity data of woody biomass slurry at 40 and 80 °C were
introduced in Figure 16.12a and b, respectively. As seen in Figure 16.12, microwave
is absorbed inside of the woody biomass slurry more deeply at 40 °C than at 80 °C
due to the difference of penetration depth. Reflection coefficient at the microwave
irradiation port was calculated to be less than —30 dB [14], which indicates that
less than 0.1% of microwave power is only reflected backward to the microwave
irradiation port. Isolation between microwave irradiation ports was also calcu-
lated to be less than —110 dB [14], which is too small to interfere with each other.
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Metal cylinder Absorbing
(Agitator) boundary
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Figure 16.11 Simulation model of the pilot-plant-scale continuous flow microwave reactor.
Absorbing boundary was set at the top and bottom planes of the metal pipe.

Microwave irradiation ports

(a)

Figure 16.12 Power absorption distribution in the cross section of the designed pilot-
plant-scale continuous flow microwave reactor at the slurry temperatures of (a) 40°C and
(b) 80°C.

16.5.3
Demonstration Experiments of Microwave Pretreatment

The developed pilot-plant-scale continuous flow microwave reactor is shown in
Figure 16.13. The metal pipe size is JIS 250A, and its inner diameter is 254.2 mm.
Eight 2.45 GHz and 1.5 kW microwave generators are mounted on the metal pipe.
Four generators are on the same level and arranged in every 90°. Then another four
generators are aligned in a two-tiered manner. The volume of microwave irradi-
ation section is about 501. Woody biomass slurry is poured from the top of the
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Figure 16.14 Microwave heating characteristics by the pilot-plant-scale continuous flow
microwave reactor.

reactor, irradiated with microwave while being agitated, and taken out from the
bottom after microwave pretreatment. Pressure resistance of the reactor is up to
2.0 MPa.

Microwave heating test was conducted for investigating the reactor perfor-
mance. Microwave heating characteristics are shown in Figure 16.14, when the
metal pipe was filled with woody biomass slurry. The total microwave power was
12kW (1.5 kW X 8). The temperature data shown in Figure 16.14 is the average of
four measurement points inside of the reactor. From the experimental results, the
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heating rate of the reactor is about 0.056 Ks~!. Then the microwave absorption
efficiency of the reactor is estimated to be 79% from thermal calculation [14].
Efficiency degradation is mainly attributed to heat loss by thermal conduction
and radiation. As a feature of microwave heating is direct heating to materials, it
is inevitable that a wide temperature gap is created between the heated materials
and surrounding environment. Thermal insulation is therefore mandatory to
improve the microwave absorption efficiency. Heat recovery system is another
option for effective energy utilization.

Fast growing wood E. globulus was pretreated with aqueous maleic acid in the
pilot-plant-scale microwave reactor at 190 °C for 30 min. The pretreated biomass
was separated by centrifuge into soluble and insoluble fractions. The soluble frac-
tion was detoxified with lignin-derived adsorbent. The soluble and insoluble frac-
tions were mixed with cellulolytic and hemicellulolytic enzymes and hydrolyzed
for 48 h. To the prehydrolyzed mixture, a seed culture of ethanologenic bacterium
Zyomomonas mobilis and nutrients for the bacterium were added to start the
ethanol fermentation. The bacterium used was genetically transformed to utilize
xylose [15]. After 48 h, ethanol was produced in a yield exceeding 6% concentra-
tion. Thus, the woody biomass was pretreated in the pilot-plant-scale microwave
reactor, and bioethanol was successfully produced [16].

16.6
Summary and Conclusions

Three types of continuous flow microwave reactors were explained. For further
scale-up, microwave frequency is an important element. Although most of
microwave heating apparatuses are designed at 2.45 GHz, electromagnetic wave
irradiation at lower frequency, for example, at 915 MHz, has a great possibility
to increase in capacity of microwave reactor as the penetration depth becomes
deeper. Another important aspect is best use of rapid heating. Lots of studies
claim that microwave-assisted chemical reaction shows a surprising reduction
in reaction time. Nevertheless, no “speed-up” technologies on microwave-
assisted chemical reaction have been seen yet, except for a continuous flow
system. Considering the limitation of penetration depth, “speed-up” (not “scale-
up”) will be a direction for progress toward commercialization of microwave
chemistry.
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Biomass and Waste Valorization under Microwave Activation
Leonid M. Kustov

171
Introduction

Diverse sources of radiation (y-irradiation, electron and neutron beams, radio
frequency, microwave, or ultrasound, irradiation by UV, and visible light) are
used for the initiation and stimulation of chemical processes, including catalytic
reactions. Of particular interest are the effects caused by the microwaves, that
is, electromagnetic waves with the frequency range from 200 MHz to 300 GHz.
The 915 MHz frequency (33.3 cm) is most frequently used in industrial devices,
whereas the frequency 2.45 GHz (12.2 cm) is used in microwave laboratory setups.

The important advantage of microwave activation is the transfer of energy
through radiation rather than heat transfer or convection. This ensures fast
penetration of energy into the volume of materials transparent to microwave
fields, that is, instantaneous heating.

The most important effects related to the appearance of temperature gradients
and nonequilibrium conditions are observed when a reaction medium or mate-
rial (for instance, a catalyst) consists of several phases with different microwave
radiation absorption coefficients.

The microwave treatment allows one to decrease the reaction duration,
increase yields and selectivity, and decrease energy and reagent consumption.
The use of microwave energy pulses provides additional reduction in the energy
consumption.

Microwave technologies can be used for both catalyst preparation, includ-
ing preliminary (ex sifu) activation, and direct (in situ) activation of catalytic
processes. In this chapter, the use of microwave activation directly in catalytic
processes of biomass and conversion of renewables is discussed.

One of the possible mechanisms of the microwave action, which is widely
realized in the case of biomass conversion due to the presence of water and other
polar oxygenated compounds in the feed, is dielectric polarization. The second
mechanism involves currents of free charges excited in solids, contributing to
heating because of Ohmic losses; this mechanism is characteristic of catalysts
themselves that possess a substantial conductivity (metals and semiconductors).

Microwaves in Catalysis: Methodology and Applications, First Edition.
Edited by Satoshi Horikoshi and Nick Serpone.
© 2016 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2016 by Wiley-VCH Verlag GmbH & Co. KGaA.
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The third mechanism that should also be taken into account is caused by the loss
of vortex currents excited by magnetic fields.

Certainly, microwave fields cannot initiate chemical reactions by exciting
and, especially, breaking chemical bonds, as in photochemical processes under
the action of electromagnetic radiation. The energy of microwave photons is
~1]mol~!, which is far below the activation energies of chemical processes. So
in the case of biomass conversion all three mechanisms can be realized if the
system contains polar molecules and solid catalysts containing supported metals
or transition metal oxides. Attention should be given to materials and oxides
used as components of carriers and catalysts. Carbon and transition metal oxides
reach high temperatures, whereas titanium and zirconium oxides are heated to
moderate temperatures, and aluminum, magnesium, and silicon oxides cannot be
heated above 100-150 °C. A disperse system consisting of conducting particles is
a nonuniform material whose dielectric properties exhibit pronounced frequency
and phase composition dependencies. The dielectric loss in such materials is
related to the aggregation of charges at interphase boundaries and is known as
the Maxwell— Wagner effect.

Numerous data show that, under microwave activation conditions, higher reac-
tion rates are obtained than in thermally activated processes, and the yields of final
products increase. These advantages are often ascribed to the so-called microwave
effects, without a detailed analysis of the reaction conditions. It is important to
separate thermal and nonthermal (electromagnetic) microwave effects. As such,
let us now examine some of the most impressive examples of the use of microwave
activation in the conversion of renewable resources and biomass.

17.2
Vegetable Oil and Glycerol Conversion

The influence of microwave radiation on the formation of acrylonitrile in the
ammoxidation of glycerol (a side product of the production of biodiesel fuel from
vegetable oils) under the action of hydrogen peroxide and ammonia on V-Sb—Nb
oxide catalysts (Eq. (17.1)) has been investigated in Refs. [1, 2] (Eq. (17.1)).
The selectivity to acrylonitrile under microwave heating reached 83.8% at a
46.8% conversion. For comparison, the reaction under thermal activation gives a
selectivity of only ~60% at a conversion not exceeding 15%:

OH

NH
HO OH =38,
\)\/ /\CEN (171)

Drago et al. [3] reported on the significant enhancement of the etherification
reaction of triglycerides under microwave activation. The derivatives of this
reaction served as final potential glycerol-free biofuel. The process is catalyzed
by silica functionalized with 10 wt% of sulfonic groups. The highest activity was
observed when the mixture of vegetable oil (soybean oil) and tert-butyl-methyl



17.3  Conversion of Carbohydrates

ether in a 1:10 ratio and 1% of the catalyst was MW-treated at 20 W. The
developed process provides advantages since the step of removing free glycerol is
eliminated.

Microwave-assisted pyrolysis of rapeseed oil was proposed for biofuel pro-
duction [4]. The pyrolysis of rapeseed oil and waste oil was performed using a
batch reactor either thermally at 500—600 °C or in a MW-induced process at a
300-500 W microwave power. The effect of HSZM-5 zeolite was also studied,
though the dielectric loss tangents of both oil and catalyst are very low: range,
0.001-0.12. Rather high conversions (70—97%) of rapeseed oil and waste oil
into gas and liquid products were observed under thermal heating. Light bio-oil
predominates in the products at 550 °C. The catalyst helped to increase the yield
of light bio-oil. Organic products representing hydrocarbons in the diesel range
were also found (alkanes and alkenes Cy—C,;) as well as some fatty acids. The
microwave pyrolysis produced aromatics, C,—C,, alkanes, cycloalkanes, alkenes,
cycloalkenes, dienes, and acids. The formation of aromatic compounds was a
distinctive feature of the microwave pyrolysis.

Epoxidation of vegetable oil under MW irradiation is another example of
conversion of renewables [5]. The reaction was carried out in an isothermal
batch reactor by peroxyacetic and peroxypropionic acids formed in situ from
carboxylic acid and hydrogen peroxide. Microwave irradiation was shown to
accelerate the epoxidation reaction rate in the case when the continuous phase
was aqueous.

The epoxidized vegetable oil can be further transformed into carbonated
oil under MW activation with tetrabutyl ammonium bromide as a catalyst
[6]. This reaction can be considered as a means of utilization of CO,, which
is incorporated into vegetable oils. The reaction time with MW activation
was 25-33% of that required for the thermal process. The introduction of
water accelerates the reaction, while the selectivity to cyclocarbonate was
enhanced under MW conditions. Conversions as high as 90% were found with
the reaction times being 70 and 40h for the thermal and microwave heating,
respectively.

17.3
Conversion of Carbohydrates

5-Hydroxymethylfurfural produced from biomass is currently considered as
one of the so-called platform chemicals. The MW -stimulated fast conversion of
carbohydrates into this product catalyzed by self-assembled mesoporous TiO,
nanoparticles was reported by Dutta et al. [7]. Monosaccharides (D-fructose,
D-glucose) and disaccharides (sucrose, maltose, cellobiose) were transformed
into 5-hydroxymethylfurfural in aqueous or organic media. The authors studied
the influence of the solvent nature, microwave absorbing coefficient, catalyst
mass, reaction time, and substrate nature on the yields of the target product. The
high surface area, the presence of Lewis acid sites, and uniform morphology of
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titania nanoparticles were assumed to be beneficial for the high activity in the
dehydration of carbohydrates. It is noteworthy that the commercial sample of
TiO, is poorly active in this reaction. The higher value of tan é for the solvent
dimethylsulfoxide (DMSO) provided higher yield of the product in organic
media than in water. The catalyst could be recycled four times without the loss of
activity.

Hydrolysis of xylan, epimerization of D-xylose and D-lyxose, and furfural pro-
duction were found to proceed more efficiently under MW irradiation [8]. Hydrol-
ysis of xylan with sodium molybdate as a catalyst and subsequent epimerization
resulted in a mixture of D-xylose and D-lyxose (1.6:1) that can be reduced to
D-xylitol and D-lyxitol (yields: 88% and 85%) or can be dehydrated to furfural (53%).
Under MW irradiation, the reaction time decreased 400 times compared to the
thermal mode.

The MW-stimulated hydrolysis of polysaccharides was also performed onto
polyoxometalate acid catalysts [9]. Polyoxometalates are capable of absorbing
microwaves, and this property was used in the hydrolysis of corn starch and
crystalline cellulose. Phosphotungstic and silicotungstic acids demonstrated
high activity, whereas phosphomolybdic acid was much inferior. The active
catalyst can be recycled four times without loss of activity by ether extrac-
tion. The catalyst reduced the energy consumption in the hydrolysis process
by 17-23%.

Fructose was shown to be transformed into 5-hydroxymethylfurfural in ionic
liquids under MW activation in the absence of catalysts [10]. Yields of up to 97%
could be obtained after 3 min in the reaction, which proceeds via the cyclic fructo-
furanosyl intermediate.

17.4
Cellulose Conversion

Value-added chemicals can be produced selectively from cellulose under MW
irradiation [11]. Microwave-assisted depolymerization yields liquid products
from cellulose reaching 87% using acid catalysts. The selectivities to glucose or
levulinic acid as the main products may be as high as 50% and 69%, respectively.
Spherical carbonized residues are formed as a side product. MW -stimulated
depolymerization of cellulose yielded 55% glucose in just 20 min in the presence
of F~/Cl™ as reported by Shaveta et al. [12].

Pyrolysis of cellulose at temperatures as low as 200—280 °C under MW condi-
tions was also studied by Al Shra’ah ez al. [13]. The effects of temperature, cellulose
structure (crystalline or amorphous), and microwave absorbing agents were deter-
mined. The maximum yield of bio-oil (45%) was found in the case of amorphous
cellulose at 260 °C. The presence of water enhanced the yield to 52%. On the con-
trary, the introduction of activated carbon as a MW-absorbing material resulted
in an increase in the yield of gas products. Levoglucosan was produced with a high
yield by pyrolysis of amorphous cellulose at 260 °C (Eq. (17.2)). In comparison, the
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thermal pyrolysis proceeded at a significantly higher temperature (400 °C):

OH OH .
HO ol —— s OH
OH
HO OH

O oH (72

(0]

Microcrystalline cellulose can be converted into glucose under MW irradiation
with NaOH completely (Eq. (17.3)) [14]:

OH oH
HO o —
o N Pe) o
OH
HO OH

CH,0H

(17.3)

Cellulose can be transformed selectively into levulinic acid if the MW reaction
is carried out in SO;H-functionalized ionic liquids (Eq. (17.4)) [15]. The highest
yield was 55%. The anion of the ionic liquid plays a crucial role and the activ-
ity decreases in the order: HSO,~ > CH;SO;~ > H,PO, ", in agreement with the
acidity strength of the acid. Alkylated cellulose can be synthesized in an aqueous
medium using an easy protocol [16]. The reaction takes less than 30 min with the
conversion reaching 87%:

OH oH . 9
HO o} —>
~\_O/§Oﬁ/oﬁ\ HO)J\/\H/
OH le}
HO OH
(17.4)

Microwave-assisted conversion of glucose and cellulose directly into 5-hydroxy-
methyl-furfural proceeds in ionic liquids with CrCl; or ZrCl, as catalysts
(Eq. (17.5)) [17, 18]. The yields are as high as 60% and 90% in the case of cellulose
and glucose, respectively:

CH,OH

HO \/ H

(17.5)

Ionic liquids may be used not only as a polar and MW -absorbing media but also as
a catalyst (reduced amounts) in the conversion of microcrystalline cellulose into
5-hydroxymethylfurfural [19]. The 1,1,3,3-tetramethylguanidine (TMG)-based
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ionic liquids, including tetrafluoroborate ([TMG][BF,]) and lactate ([TMG]L),
were used with [TMG]BF, being the most active (yield of product: 28.6%).
Cellulose esterification by long-chain chlorides with N,N-dimethylaminopyridine
as a catalyst under MW conditions was studied in Ref. [20]. One minute of MW
irradiation was sufficient to achieve a significant degree of esterification.

Quaternized ethylenediamine-functionalized cellulose prepared under MW
irradiation was used for the solvent-free synthesis of cyclic carbonates from CO,
and epoxides [21]. A selectivity of 99% was found at a CO, pressure of 1.2 MPa.
BET surface areas up to 71 m? g~! were determined for the quaternized cellulose.

Several publications have been devoted to MW pretreatment of cellulose pre-
ceding the fermentation [22, 23] in order to facilitate the following enzymatic
conversion owing to the decreased degree of polymerization. The rate of enzy-
matic hydrolysis of cotton cellulose was enhanced 50-fold after such a treatment
in ionic liquids [23].

An MW reactor was designed for the hydrolysis of cellulosic biowaste [24]. The
kinetic analysis showed that the advantages of microwave heating were related to
the achievement of a higher rate constant at moderate temperatures and preven-
tion of “hot spot” formation within the reactor.

Heterogeneous catalysts such as the H-forms of zeolites also turned out quite
efficient in the MW -stimulated hydrolysis of cellulose in ionic liquids [25]. The
zeolites demonstrated a better performance than the sulfated ion-exchange resin
(Eq. (17.6)).

oH oH OH OH
HO Q oH 0L [HO OH
HO HO o

HO OH HO 1, “om

Solid )
acid/[C, min]CI Microwave

(0]
“0%
HO OH

OH (17.6)

Mixed lignocellulosic material was also successfully converted in cholinium ionic
liquid for further efficient enzymatic transformation [26]. About 60—-90% of cel-
lulose was hydrolyzed to glucose after the MW pretreatment in the ionic liquid at
110°C for 20 min.

17.5
Lignin Processing

Since lignin is a branched and cross-linked polymer formed by phenolic and
aliphatic fragments, it is more difficult to depolymerize. Nevertheless, attempts
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to use MW radiation turned out to be successful for lignin pyrolysis into phenolic
moieties and fuel components. Bio-oil produced by microwave pyrolysis of
kraft lignin [27] is affected by the contents of microwave-absorbing materials
(20-40wt%) and MW input power (1.5-2.7kW). The temperatures measured
under MW conditions for 800 s were 900—1240 K. The yields of the aqueous phase,
oil phase, gas products, and char were 17-21%, 15—20%, 21 -27%, and 32—-40%,
respectively.

Further attempts to stimulate the lignin conversion using activated carbon
as a MW-absorbing solid were made in Refs. [28, 29]. Phenols, guaiacols,
hydrocarbons, and esters comprising 71-87% of bio-oil were produced. The
char produced from lignin has the higher calorific value (20.4—24.5MJ kg™!) in
comparison with raw lignin (19 MJkg™!). A high concentration of long-chain
fatty acid esters (42.2% in bio-oil) was obtained when Zn powder was used as the
catalyst.

17.6
Waste and Renewable Raw Material Processing

Several examples of the use of microwave heating in biocatalysis, in the first
place, in the hydrolysis of cellulosic wastes for plant raw material processing
were described in Ref. [30]. Among diverse reactions of side product and waste
processing, the pyrolysis of glycerol into synthesis gas [31] and the oxidation of
compounds modeling waste lignin on the Co(salen)/SBA-15 mesoporous catalyst
[32] are worth noting. In the latter case, complete conversion of apocynol (model
compound) under the action of hydrogen peroxide was obtained in 40 min,
whereas the usual heating regime gave conversions no higher than 60% and only
in ~24h.

Reviews of the methods for the utilization of wastes with the use of microwave
technologies are given in Refs. [33, 34]. Processes considered included reprocess-
ing of old tires and plastic wastes and restoration of (removal of harmful con-
taminants from) soils and underground water. It is, however, noted that there
are upscaling problems when the microwave technologies are transferred from
laboratory studies to an industrial scale. The use of microwave methods for the
production of biogas with a low content of CO, and CH, by processing dead-water
precipitates was described [35]. Compared with thermal pyrolysis, the microwave
method allows one to obtain a higher yield (~94%) of syngas (CO + H,), with the
CO, and CH, concentrations about 50% and 70%, respectively, much better than
in the thermal process.

A review [36] considered the use of microwave technology in processing tar
sands and oil products, in particular, for the extraction of bitumens, conversion
of heavy residues, the removal of sulfur and nitrogen compounds, and heating
tar sands for decreasing the viscosity of bitumens. One more example of the use-
ful conversion of wastes is the biotechnological production of hydrogen under
microwave processing conditions [37].
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Recently, microwave technologies have been applied for the liquefaction of
coal [38]. Microwave-assisted pyrolysis of coal and biomass in the presence of
microwave-absorbing materials provides significant advantages over thermal
processing [39].

Cotton fabric can be effectively converted into cellulose esters under MW
heating in an N,N-dimethylacetamide/lithium chloride mixture [40]. The
4-(N,N-dimethylamino)pyridine served the catalyst.

Gasification of palm shell char using CO, was found to be enhanced by MW
activation [41]. The Boudouard reaction (C + CO, S 2CO) was the main pro-
cess. Addition of an Fe catalyst into the char allowed the authors to obtain promis-
ing results: a CO, conversion of 99% could be reached within 60 min of the reac-
tion before the deactivation.

There are several publications devoted to the production of biofuels (bio-oil)
from biomass under MW conditions, including the review in Ref. [42].

Syngas (CO+H,) is a valuable product that can be produced from biomass
(sewage sludges, coffee hulls, and glycerol) and further used for the production of
methanol or hydrocarbons [43]. The highest yield of syngas and the lowest H,/CO
ratio were found in the case of glycerol. The lowest syngas yield with the highest
H,/CO ratio was observed for sewage sludges. Microwave heating was character-
ized by enhanced syngas yields compared to thermal pyrolysis. The microwave
process was shown to be less time and energy consuming in comparison to the
thermal process.

Xie et al. reported on the accelerated syngas production from biomass under
MW conditions with Fe, Co, and Ni on Al,O, as catalysts, although alumina
poorly absorbed the MW radiation [44]. Another task was tar removal. Ni/Al,O,
was quite stable and demonstrated superior activity in syngas production and tar
removal. The (CO + H,) yield was as high as 80%. A fairly high ratio of catalyst
to biomass is required to reach the high activity: 1:5-1:3. The introduction
of water vapor enhanced the syngas yield owing to the occurrence of steam
reforming. A fluidized bed gasifier reactor was proposed.

Diversified wastes of packing materials deserve special attention. Fuel can be
produced by MW pyrolysis of a beverage packing waste [45]. The raw material
represented a composite system made of layers of paper, polyethylene, and alu-
minum. Although the applied MW power was too high (3 kW), the use of different
MW -absorbing solids (e.g., chopped tire, carbon, and iron powder) turned out to
be efficient. Paper was converted into bio-oil composed of alcohols, aldehydes,
acids, and anhydrosugars. The polymer layer was transformed into a viscous liq-
uid, with linear alkanes, alkenes, cyclic, and aromatic hydrocarbons being present
in the mixture. Aluminum can be recovered.

An agricultural waste (e.g., corn stover) has been used as a feed in the catalytic
MW -assisted pyrolysis process [46]. A microwave power of 500 W was applied
and the treatment time was 30 min. The use of CO, instead of N, as a carrier
gas showed a negative effect because of the MW -energy consumption for heat-
ing CO, molecules. The presence of metal oxides as the catalysts enhanced the
efficiency but reduced the calorific value of the solid product. The catalyst also
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reduced the formation of polyaromatic hydrocarbons, which are known to be
eco-toxicants. The yield of liquid products was higher, and the yield of gas prod-
ucts was lower in the case where the catalysts were used owing to the occurrence
of the Fischer—Tropsch reaction.

If the MW treatment is performed at a reduced pressure, microwave plasma
can be generated. There are a few interesting studies related to the conversion
of biomass in the MW plasma. Hydrogen can be produced at high yield from
rice straw by MW -plasma pyrolysis [47]. Though a rather high applied power was
used (800—1000 W), the concentrations of hydrogen in the gas products reached
48-56% such that about 40 mg of hydrogen per gram of rice straw was obtained
at the highest conversion of 67.5%.

Oil (triolein, soybean oil, microalgae biomass of Nannochloropsis, and castor
and jatropha seeds), cooked oil, or microalgae can be converted into biodiesel
using MW treatment [48] with SrO as the catalyst.

Microwave pyrolysis of wheat straw was investigated at 500 °C in Refs. [49, 50].
The yield of solid products diminished when the microwave power increased,
unlike the yield of gas products that included CO and H,. The minimal yield of
CO, was found with CaO as an additive. Additives of CuO and Fe;O, catalyze the
formation of liquid products. Pyrolysis occurs most intensively if carbon is added
to the mixture, with the CO content being very high, and the maximum content
of H, exceeding 35%.

Sugarcane bagasse is an abundant by-product of sugar production and can
serve as a benign raw material for MW pyrolysis [51]. Metal oxides catalyzed the
conversion and decreased the maximum temperature. NiO or CaO increased
the formation of H,, whereas CuO or MgO acted in the opposite manner. Intro-
duction of CaO or MgO resulted in the increase in the gas yield, while NiO or
CuO stimulated the formation of liquid products. Surprisingly, catalyst addition
increased the activation energy, but increased the preexponential factor of the
reaction.

It should be noted that most of the studies so far available in the literature are
related to the use of solids that are usually not considered as good catalysts for the
reactions occurring in the system (reforming, cracking, etc.). There are only a few
reports on the effect of the nature of the catalyst, though this issue may be equally
important in the optimization of the microwave regime. One of such paper [52]
describes the effect of such catalysts as CaO, CaCOj,, NiO, Ni, O, y-Al,O,, and
TiO, on the efficiency of sewage sludge pyrolysis. Wet sewage sludge was applied,
so that the dipolar polarization mechanism predominated in the MW process. The
products included char, water and water-soluble compounds, oil, and noncon-
densable gas. The catalysts changed dramatically the product distribution. In most
cases, the presence of a catalyst resulted in an increase in the temperature rise
of sewage sludge, and the catalysts tested can be arranged in the following order
for the temperature rise: Ni,O; ~ y-Al,O5 > TiO, > NiO > CaCOj;. Ni-containing
catalysts demonstrated the highest activities toward the decomposition of organic
compounds in the sludge and enhanced the yields of bio-oil and gas products.
The use of CaO was beneficial for the formation of H,-enriched syngas, whereas
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CO-enriched syngas was formed on Ni-catalysts. The metal oxides y-Al,O5 and
TiO, catalyzed the decomposition of organic compounds in the sludge; however,
the composition of gas products was unaffected.

The techniques of MW-initiated pyrolysis have been reviewed by Motasemi
et al. [53]. The upscaling of the pyrolysis technique is one of the major barriers
for the commercialization of the MW pyrolysis. The microwave-assisted technol-
ogy is an effective method to reduce the pyrolysis reaction time and increase the
yields of value-added products from diverse feedstocks. A very important advan-
tage of the MW technology is that it requires no pretreatment or shredding of the
raw materials.

The use of supercritical media is considered these days as a benign method
of performing chemical processes, because it allows increasing dramatically the
productivity (space-time yield) of the processes. The combination of the super-
critical and microwave technologies would probably result in a synergy and addi-
tional benefits, though the use of the microwave technology is limited in terms
of the applied pressure. Such a combined MW and SC approach was discussed
for the transesterification of algal biomass in supercritical ethanol [54]. The lipid-
rich, dry algae (Nannochloropsis salina) was converted successfully into fatty acid
ethyl esters. A short reaction time, reduction of energy consumption, and high
conversion are the benefits of the integrated approach; SiC was used as an inert
additive.

A similar process was performed in supercritical methanol, where the MW
approach was compared to the supercritical approach [55]. The microwave
approach improves the efficiency of extraction of algae, reduced extractive-
transesterification time, and increased the yield. The supercritical method gave
purified extracts and reduced energy consumption.

Yet another study disclosed the bio-syngas generation from municipal solid
waste treatment [56]. The yield of syngas in the MW process was rather high.
The syngas fraction with a high H, content (50—55vo0l%) was obtained, and a
positive effect of the moisture on syngas production was found that explained the
gasification of char.

Hydrogen can also be produced from banyan leaves in the MW plasma under
atmospheric pressure [57]. The applied microwave power was proportional to the
rate of production of hydrogen, hydrogen productivity per gram of banyan leaves,
and amount of hydrogen formed with respect to the H-atom content of converted
banyan leaves. Increasing the microwave power led to an increase in H, and to a
decrease in CO, concentrations in the products as a result of the water—gas shift
reaction: CO, +H, - CO + H,0.

Automotive engine oil is another waste that needs to be utilized. The efficient
MW -assisted method of conversion of such a raw material into H, was proposed
in Ref. [58]. Pyrolysis was performed in a continuous stirred bed reactor. The gas
products (41 wt% yield) contained substantial amounts of light aliphatic hydro-
carbons (up to 86vol%) that could find application as a fuel. H, (up to 19 vol%)
and CO were also formed (the H, + CO content about 35 vol%). The presence of
carbon improved the process efficiency.
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As an example of another approach to the utilization of wastes, eggshell wastes
can be used as a catalyst for the MW-stimulated biodiesel process [59]. The cat-
alytic activity was tested in biodiesel synthesis by the transesterification of palm
oil with methanol under MW conditions. The catalyst present was mainly CaO
(99.2wt%) with a high concentration of strong basic sites. Biodiesel production
was enhanced under microwave versus thermal heating. The yield of fatty acid
esters achieved 96.7% with the reaction time of 4 min at an input MW power of
900 W; alcohol-to-oil ratio was 18: 1; and catalyst loading was 15%.

17.7
Carbon Gasification

Carbon gasification or liquefaction is another challenge in view of the shortage
of fossil fuels. One approach was proposed in Ref. [60]. The process is based on
reaction 17.7; MW irradiation enhanced the efficiency of the conversion. Tests
with different carbon materials demonstrated that charcoal conversion is charac-
terized by the least consumption of energy. Comparison of the single-mode and
multi-mode regimes showed that the latter is more efficient from the point of view
of energy consumption and recovery. The energy efficiency could reach 45%:

C + CO, - 2CO (17.7)

Coal and charcoal gasification into hydrogen-enriched syngas with varying the
O, /fuel ratio from 0 to 0.544 was demonstrated under MW-plasma activation
[61]. Plasma-producing gases at a 5kW input power were steam and air. With
increasing O, /fuel ratio, the H, and CH, concentrations in the syngas diminished,
whereas those of CO and CO, increased. With steam plasma and the O, /fuel ratio
equal to zero, the syngas with a high content of hydrogen (>60%) was produced
with an H,/CO ratio over 3. The conversion of the carbon material increased with
increasing O,/fuel ratio, and the cold gas efficiency reached the maximum at the
O, /fuel ratio of 0.272. Charcoal demonstrated a lower carbon conversion and cold
gas efficiency than the coal samples.

One more example does not belong to any of the categories of biomass valoriza-
tion, but the tire wastes represent a growing problem that need to be solved [62].
Microwave pyrolysis of this kind of waste allows the conversion into three types
of products: a solid, a liquid, and a gas. The operating parameters were as follows:
the microwave frequency was 2.45 GHz and the energy output was up to 6 kW.
Further fractionation makes it possible to obtain liquid products with a low den-
sity (~0.9 g cm~3) and viscosity (1.25—3.9 cP). Rather high yields of aromatic and
olefinic compounds can be obtained. It is noteworthy that tires containing sub-
stantial proportion of aromatics were converted faster than the samples composed
of natural rubber.

Although the extraction of lipids does not fall in any of the topics discussed ear-
lier, it is relevant to also consider the data on MW-assisted lipid extraction. MW -
enhanced lipid extraction from microalgae with the goal of biodiesel synthesis
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was reported in Ref. [63]. The research was conducted on extraction of algae oil
from microalgae using microwave fragmentation technology. The benefit of this
technology is the reduction of the production costs of microalgae-based biodiesel.
Microwaves assisted the lipid extraction of microalgae by appropriate solvents.
Extracted microalgae is characterized by the largest extracted quantity of microal-
gae lipid (30 wt%), and the transesterification conversion was 76.2% at 68 °C with
Li,SiO, (3 wt%) as an additive; the oil/methanol ratio was 1:18 for 4 h.

17.8
Prospects for the Use of Microwave Irradiation in the Conversion of Biomass and
Renewables

To summarize, there are good reasons in certain instances for believing that cat-
alytic conversion processes of biomass and renewables occur under the action of
microwave fields differently than under traditional thermal activation with con-
vective or conductive heating. The necessary conditions for the efficient action of
a microwave field on a process is the strong interaction of a solid (a catalyst or
its separate components, carbon species present in the biomass) or dipolar liquid
components with this field.

Among various mechanisms of the action of microwave field on solids, several
classes of catalysts and processes that offer promise for use in practice can be iden-
tified. For instance, the Maxwell - Wagner interphase polarization mechanism can
likely operate in mixed oxide catalysts (such as catalysts of oxidation based on
metal oxides). For such catalysts, “nontrivial” and “nonthermal” effects can most
probably be expected; these effects are of obvious interest for the fundamental
science of catalysis.

Among heterogeneous catalysts, there are also many systems representing
massive conductors (metals and activated carbons) and systems containing
a deposited active metallic phase. Strictly speaking, the Maxwell—Wagner
mechanism may also be valid for metallic catalysts deposited on a carrier inert
with respect to microwave fields. Heat exchange between a deposited conducting
phase and a carrier transparent to microwave radiation is of great importance for
heterostructures of the type “metal + carrier” transparent to the electromagnetic
field. If the characteristic time of thermal relaxation is larger than the reaction
duration, such a system is of great interest for bifunctional catalysis with the
separation of functions between a metal and a carrier active in the given reac-
tion — for instance, a carrier possessing acidic or basic properties or acting as a
donor of active lattice oxygen. The main special feature of heating conductors is
the propagation of the electromagnetic field. This can be of obvious advantage
for processes that require fast and selective catalyst heating. In these instances,
the microwave field can be used for the valorization of biomass and renewables.

Currently, the procedure for selecting an appropriate catalyst for a
heterogeneous catalytic process of valorization of biomass and renewables
ideally suitable for activation in microwave fields is not quite clear. The
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selection is complicated because the catalyst should first have substantial
catalytic activity, and secondly possess certain electrophysical properties (dielec-
tric/magnetic properties and conductivity). To obtain a maximum positive
effect of microwave radiation on a catalytic system, comparatively inert compo-
nents strongly interacting with electromagnetic fields may be introduced into
catalysts.

The advantages of microwave technologies can more effectively be used if the
catalytically and electromagnetically active catalyst components are placed on
a substrate transparent to microwave fields. This is done to form superheated
regions (hot spots) only in the volume or on the surface of the active catalyst
phase, which decreases the temperature of the catalyst. This offers the possibility
of suppressing side reactions and decreasing energy costs for heating inert
materials that do not directly participate in the catalytic process.

The development of additional criteria (except for temperature-conversion
dependencies) for revealing specific effects that appear under the action of
microwave fields on reacting systems is an important problem. This is related,
in particular, to the changes in the kinetic characteristics and dependences
(reaction orders with respect to components and activation energies) that are less
sensitive to errors in temperature measurements than a comparison of activities
or transformation rates. Changes in process selectivity with respect to certain
products at equal conversions and different methods of reacting system activation
are most interesting and informative.

It is also necessary to track changes in the state of a solid catalyst under the
action of microwave fields. In certain instances, the appearance of metastable
structures that are not typically formed in the absence of such action can be
expected. If they have catalytic properties and/or reactivity different from those
usually observed, the appearance of the corresponding nontrivial effects in
chemical reactions is possible.

Last but not least, bifunctional catalysis in which the occurrence of various
stages of the process takes place on various catalytic components should be specif-
ically considered. A typical example is transformations of renewables on metal
nanoparticles supported on acid or basic carriers. A metallic component (as arule,
a Pt family metal) activates the initial molecule by breaking bonds and/or charge
transfer (dehydrogenation, hydrogenolysis), whereas carbon skeleton transforma-
tions (depolymerization, alkylation, isomerization) occur on acid/basic centers.
Microwave radiation generating temperature gradients in a heterogeneous
system whose components interact differently with electromagnetic fields can
then cause substantial changes in the reaction rates of the entire process and
different stages and, especially important, may change the distribution of reaction
products.

The advantages of the use of microwave activation of heterogeneous catalytic
reactions of the valorization of biomass and renewables compared with thermal
activation become obvious when fast heating or cooling and pulsed energy sup-
ply are required. Apart from the search for and synthesis of suitable catalysts, the
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development of new microwave equipment for applications on pilot and industrial
scales is necessary, as well as process upscaling.

Effects observed in catalysis under the action of microwaves are still not well
understood and have been poorly studied, although it is clear that irradiation
of microwave-absorbing materials (catalysts, carriers, and reaction medium) can
cause rapid volume heating, effectively remove moisture from solids, and modify
surface properties. This distinguishes the action of microwaves from traditional
thermal treatments.

Solid catalytic materials can be divided into three groups according to their
character of interaction with microwave radiation. The first group includes met-
als whose smooth surface fully reflects microwave radiation. Metals then are not
heated because there is almost no microwave radiation loss into their volume.
However, if the surface is rough, microwave radiation can cause an arc discharge
on it. The second group includes dielectrics transmitting microwave radiation
almost unchanged through their volume. These are aluminum and silicon oxides,
fused quartz, various glasses, porcelain and clays, and polymers. The third group
includes dielectrics that absorb microwave radiation, which is particularly accom-
panied by sample heating.

In practice, mixtures containing substances that weakly and strongly absorb
microwave radiation are often used for microwave heating. By varying the com-
position of such mixtures, it is possible to control the maximum temperature of
mixture heating and the composition of reaction products.
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18
Oxidative and Reductive Catalysts for Environmental
Purification Using Microwaves

Takenori Hirano

18.1
Introduction

Control of emission of air pollutants such as CO, VOCs (volatile organic com-
pounds), NO,, and SO, is high on the agenda, and heterogeneous catalysis plays a
key role. One of major group of emission controlled by environmental legislation
comprises VOCs and odorants released from all industrial and refinery effluents,
that is, generated by a wide range of industrial operations, such as chemical pro-
cessing, waste water treatment, coating operations, and paints. These compounds
are also of concern in controlling indoor air quality. VOCs removal from wide
range of process effluents becomes necessary. The main classifications of VOCs
include aliphatic and aromatic hydrocarbons; organic oxygen and nitrogen com-
pounds; and organic halide compounds. Compared to thermal combustion, cat-
alytic oxidation procedure has the advantage of operating at high conversion at
much lower temperatures and high space velocities. This means that temperature
control is easier and that the smaller reactor leads to a reduction in the capital
cost [1, 2]. The most active catalysts are usually derived from supported platinum
group metals, however, in the presence of poisons or oxidizing chlorinated hydro-
carbons, catalysts composed of oxides such as copper chromite have properly
been used.

Another major group of emission comprises NO, and SO, released from power
plants and automobiles. High-temperature combustion of coal and oil provides
heat and generates electricity that results in huge volumes of NO,, SO,, and CO
being vented to the atmosphere. These compounds form acid rain resulting in
devastating forests or affecting public health. Selective catalytic reduction (SCR)
of NO, with ammonia using specially developed catalysts is now the most impor-
tant process for removing NO, from the effluent gas of power plants and many
other stationary sources [3, 4]. In automobile exhaust emissions, high concentra-
tion levels of CO, hydrocarbons, and NO, are included. Since NO, is difficult to
remove in conjunction with the other pollutants, particularly in the presence of
oxygen, controlling the air/fuel ratio in the engine, efficient three-way catalysts
incorporating several platinum group metals have been introduced and operated

Microwaves in Catalysis: Methodology and Applications, First Edition.
Edited by Satoshi Horikoshi and Nick Serpone.
© 2016 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2016 by Wiley-VCH Verlag GmbH & Co. KGaA.
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under conditions that are effective for the oxidation of CO and hydrocarbons and
the reduction of NO,, [5]. SO, is also removed from the flue gas in a small contact
process unit after the usual SCR procedure.

Much attention has been devoted to the application of microwave heating
method to the catalytic processes for environmental purification [6]. Microwave-
induced catalysis differs in several ways from conventional catalytic methods,
that is to say, firstly the catalyst may serve a dual purpose both as a promoter
of the reactions occurred on the surface and as an efficient converter of the
incident microwave into thermal energy required for the reaction to proceed. In
addition, the fact that the incident microwave energy can be switched on and off
extremely rapidly combined with the almost instantaneous heating that occurs
in lossy oxides of catalyst upon absorption of microwave, allowing a high degree
of control of reaction conditions including temperature. During the on cycle, the
incident microwave pulses supply the required energy for the catalyst not only
to reach the activation temperature but also sometimes to form an active phase
in the irradiated catalyst. While during the off cycle, between each pulse packet,
the catalyst surface would conduct the heat away from the hot spots and thus
decrease the temperature. These properties of microwave catalysis are well suited
for the environmental catalytic processes, which require quick heating time and
treatment of high effluent gas flow rate.

The technology of microwave-induced catalysis has apparent benefits in the
catalytic system of environmental purification where oxidative and reductive reac-
tions such as elimination of VOCs, NO,, and SO, occur on the solid surface of
oxides. Using appropriate devices, the heating can be concentrated on the cat-
alytic mass, resulting in downsizing of the catalytic reactors and shortening of the
heating time with very little energy absorption by the reactants on supports [7].
It is worthy to apply the microwave heating method to the catalytic processes for
the environmental purification.

18.2
Microwave Heating of Catalyst Oxides Used for Environmental Purification

The microwave dielectric heating effect uses the ability of some solid materials
of absorbents or catalysts to transform electromagnetic energy into heat via
their dielectric loss and thereby drive catalytic reactions [8]. Both conduction
and dielectric polarization are sources of microwave heating. Dielectric loss at
microwave frequencies may be composed of migration loss and conduction loss
from lower frequencies; moreover, vibration and deformation loss from higher
frequencies for the oxides are used as catalyst.

Increasing temperature of catalyst oxides would result in shift of migration
loss to higher frequencies and increase in conduction loss due to increasing
ionic conductivity. These would contribute to increase in dielectric loss at
2.45 GHz for the oxides resulting in increasing temperature again. This successive
process of increase in temperature and dielectric loss would result in thermal
runaway [9]. The ratio of the dielectric loss and the dielectric constant of catalysts
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Table 18.1 Effect of microwave heating on the temperature reached of pure oxides
at 2.45GHz and 25°C.

Oxide T(°Q)
CaO 58
BaO 57
CeO, 46
TiO, 40
ZrO, 47
V,04 221
Nb, O, 51
Ta, O, 55
Cr,04 54
MoO, 41
WO, 188
MnO, 194
Fe,O, 165
Co,04 272
NiO 260
CuO 341
ZnO 131
v-Al,O4 85
Sio, 106
SnO, 143
Bi,O,4 59

Microwave pulse irradiation conditions: 2.45 GHz, 25°C, 5s ON-10s OFF, 8 cycles.

define the dielectric loss tangent =¢” /¢’ =tan 6, which defines the ability of the
catalyst oxides to convert electromagnetic energy into heat energy at a given
frequency and temperature. Several workers have reported the temperature
reached by pure oxides, which could be able to be one of the components of
practical catalysts for environmental purification, when placed in conventional
microwave oven with pulse microwave irradiation at 2.45GHz and room
temperature [10, 11].

In Table 18.1, typical temperature data measured for a number of pure oxides
with microwave heating are exhibited [11]. Oxides such as CuO, Co,0O;, NiO,
V,0;, and MnO, are susceptible to incident microwave, rapidly heated to reach
about 200 °C or above after eight cycles of 5s ON—-10s OFF microwave irradi-
ation. Similar results on NiO, Co,0;, V,0;, and CuO have also been reported
[10]. The reason why these oxides are easily heated under microwave irradiation
has not been interpreted; however, it is speculated that the increase in conduction
with temperature of these oxides would be associated with the thermal activation
of the electrons that pass from the oxygen 2p valence band to the 3s3p conduc-
tion band [12]. In addition, electrical conduction would be enhanced by the oxide
defects formed at higher temperatures, which sharply decreases the energy gap
between the vacancy and conduction bands.
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Comparing the heating properties of oxides measured, most of transition metal
oxides can absorb microwave to be heated; however, rare earth oxides, alkaline
earth group oxides, SiO,, and y-Al,O, appear to absorb weakly exhibiting lit-
tle rising in temperature. From a practical viewpoint as VOCs oxidation or NO,,
reduction catalyst, the most active catalysts have been derived from supported
platinum group metals, where y-Al,O; is usually used as a support, that is, in the
case of automobile emission control catalysts, supported platinum group metals
of Pt, Rh, and Pd are usually considered to be the most efficient and active catalysts
available. However, considering the effectiveness of microwave irradiation, cata-
lysts composed of transition metal oxides would be more suitable for the reactor
using microwave than the supported metal catalysts, because materials normally
used for supports such as y-Al, O, SiO,, and CeO, have not so high susceptibility
to incident microwave as understood by Table 18.1.

Several kinds of commercial catalyst consisting of mixed oxides including tran-
sition metal elements, which are frequently used for the purpose of improving or
protecting our environment by their high activities for oxidation or reduction,
were submitted to measuring their heating properties under microwave irradi-
ation [13] (T. Hirano and T. Matoba, 1994, unpublished results). The submitted
catalysts are G-3A comprised of 90% Fe,O, and 10% Cr,O,, G-132 of 40% CuO
and 60% ZnO, G-53D of 70% NiO and 30% SiO,, N-140 of 40% CuO and 60%
MnO,, N-150 of 40% Fe,O; and 60% MnO,, and NF-9 of 100% NiO from Nissan
Girdler. Since every catalysts are shaped tablets, small amounts of graphite are
added at concentrations between 0.5% and 1% to achieve high stability of the
tablets; nevertheless, these amounts are confirmed to be too small to influence
on the microwave heating. These catalysts of mixed oxides used for environ-
mental purification were repeatedly pulse heated by microwave irradiation of
2s ON-10s OFF, and the resulting temperatures reached after several times
of pulse cycles are given in Table 18.2, where measured dielectric constants of
the catalysts at 2.45 GHz and 25 °C are also shown (T. Hirano and T. Matoba,
1994, unpublished results). Among the catalysts tested, NF-9, N-140, and N-150
show rapid temperature rising, on the other hand, G-132 and G-53D show a slow
temperature rise.

Table 18.2 Dielectric constant ¢, loss factor €”, and effect of microwave heating on the
temperature reached of complex oxides of commercial catalyst.

Catalyst Surface area  Dielectric Dielectricloss tané T (°C) t(min)
(m?2g™") constante’  factor £”
G-3A (Fe,0;—Cr,0,) 78 2.9 0.38 0.13 61 5
G-132 (CuO-ZnO) 35 2.9 0.35 0.12 49 5
G-53D (NiO-SiO,) 193 3.1 0.45 0.15 48 8
N-140 (CuO-MnO,) 133 3.3 0.63 0.19 96 6
N-150 (Fe,O;—MnO,) 175 3.8 0.49 0.13 79 5
NF-9 (NiO) 152 3.8 0.70 0.18 101 5

Microwave pulse irradiation conditions: 2.45 GHz, 25°C, 2s ON-10s OFF.
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Comparing the temperature rising rates of the mixed oxides with those of pure
oxides, little correlation seems to be found, that is to say, commercial catalysts
of N-140 and NF-9 containing CuO and NiO, respectively, show relatively higher
heating rates, on the other hand, in spite of containing CuO and NiO, the heating
rates of G-132 and G-53D are slow under microwave irradiation. It is of interest
that N-150 consisting of Fe,O, and MnO,, despite both oxides have indepen-
dently shown slower rising rates, shows relatively higher rising rate. These results
seem to indicate that the coexistence of different oxides in a catalyst changes the
microwave susceptibility from those possessed by each oxides separately, that is,
the dielectric loss in the mixed oxides would be significantly altered by the mixing
of different oxides consequently. It is reported that the existence of two types of
sites in perovskite-type oxides has been shown to have different dipole strengths,
resulting in hot spot formation for perovskites during dielectric heating [14].

18.3
Microwave-Assisted Catalytic Oxidation of VOCs, Odorants, and Soot

Removal of VOCs including odorants, major contributors to atmospheric pollu-
tion, at source is ideal. Catalytically aided oxidation is a preferred method over
thermal combustion owing to lower processing temperatures and also a higher
selectivity to CO, [1a,b]. Lowering the temperature at which these processes occur
with great efficiency can consequently reduce energy cost. On this point of view, it
is of interest to utilize the microwave-assisted catalyst for these processes because
of some advantages, such as volumetric and high heating rates, indirect contact,
easy control for heating, and the minimization of equipment size.

For the purposes of oxidative removal of environmental pollutants, microwave-
heated catalytic processes have been extensively attempted. Oxidations of propane
as a model of aliphatic hydrocarbons which are more difficult to be oxidized than
aromatic hydrocarbons such as benzene, toluene, and xylene, and CO over doped
perovskite catalysts such as La, ;Co,,MnO, were investigated under microwave
irradiation [15]. Comparing microwave heating to conventional heating, there is
no indication that the two heating methods lead to different reaction pathway,
because only small difference in selectivity is observed. However, the reaction
mechanism of propane oxidation and that of CO oxidation are considered to be
different, that is, CO is oxidized by reaction with adsorbed oxygen at low temper-
ature, on the other hand, propane is considered to be oxidized by reaction with
lattice oxygen at high temperature according to a Mars—van Krevelen mechanism.
The use of microwave energy is assumed to enable fast and efficient heating of
the perovskite catalysts of complex oxides, where only the catalyst is selectively
heated to form hot spots enabling lower bulk temperature. Thus, direct heating
with microwave irradiation is rapid and effective, and for the periodic operation,
it is much more suitable than conventional heating.

As a test VOC molecule, acetylene in dry air was used, and oxidation over per-
ovskites of LaCoO, and BaTiO, was studied by using pulsed microwave [16]. The
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oxidation efficiency is found to increase linearly with the pulse repetition rate,
leading to very promising results for the oxidation of VOCs even at very low
energy cost. n-Hexane oxidation over hopcalite of a mixture of copper and man-
ganese oxides assisted by microwave was studied and the effectiveness of hopcalite
and microwave for the oxidation is confirmed [17].

In the case of microwave-assisted methane oxidation including oxidative cou-
pling, numerous studies have been conducted [18]. The results of the oxidation of
methane over Ni-based and Co-based catalysts exhibit that the temperature of the
catalyst bed required for the oxidation with microwave irradiation is much lower
than that with conventional heating. The heating effect is more emphasized when
the irradiated catalyst has a strong dipole character. The effect of microwave heat-
ing on methane oxidation over La, ;Ce;,MnO, in the presence of SO, was also
studied [14]. Microwave irradiation decreases the temperature of methane con-
version by about 200 °C than that reached by conventional heating. It is proposed
that local hot spots on the catalyst surface would explain the enhanced activity
toward methane oxidation.

Six commercial catalysts of G-3A, G-132, G-53D, N-140, N-150, and NF-9,
whose heating properties under microwave irradiation are displayed in previous
section, were subjected to n-pentane oxidation test as a model reaction of
VOCs removal under microwave irradiation and conventional heating [13, 19]
(T. Hirano and T. Matoba, 1994, unpublished results). On all catalysts, the activity
with microwave heating is always superior to that with conventional heating as
shown in Figure 18.1, where n-pentane conversions of N-150 and G-3A measured
in heating and cooling process are shown. It is noteworthy that under microwave
irradiation, the performance of N-150 in cooling process is extremely higher
than that in heating process. It is guessed that new active sites for n-pentane
oxidation would be formed on N-150 at high temperatures reached by microwave
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Figure 18.1 n-Pentane oxidation over N-150 (full line) temperature; e: N-150 MW, o: N-150
and G-3A under microwave irradiation (MW)  CH, a: G-3A MW, A: G-3A CH; 800 ppm n-
and conventional heating (CH) measured pentane in air, GHSV: 1000h~".

with increasing (dotted line) and decreasing
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heating, even though similar tendency is observed with the conventional heating
processes, the extent is remarkably smaller compared with microwave heating.
On the other hand, n-pentane conversion over G-3A is inferior to N-150, and
moreover the effect of microwave irradiation on G-3A is much less than that on
N-150. These results should be explained not only by hot spots but also by the new
active sites formed by microwave irradiated. Comparison of the activation ener-
gies of n-pentane oxidation (except for G-3A) reveals that all the catalysts exhibit
lower values under microwave irradiation than those from conventional heating.

As another model reaction of VOCs removal, oxidation of acetaldehyde was also
carried out over the same series of commercial catalysts of mixed oxides under
microwave irradiation and conventional heating [19] (T. Hirano and T. Matoba,
1994, unpublished results). Different from n-pentane, little difference in activity
is observed between microwave heating and conventional heating as shown in
Figure 18.2. Even though only G-3A shows higher conversion in cooling process
than heating process regardless of microwave or conventional heating method,
other catalysts including N-150 show opposite behavior that the conversion in
cooling process is always somewhat inferior to that in heating process different
from the case of n-pentane oxidation.

It is known that there is an order of destructiveness of organic compounds
which runs as follows: alcohols > aldehydes > ketones > alkenes > alkanes [20].
From the analogy to the proposed reaction mechanisms of CO and propane oxi-
dation [15], it is speculated that acetaldehyde-containing oxygen would react with
dissociatively adsorbed oxygen on the catalyst surface; on the other hand, n-
pentane would react with lattice oxygen according to so-called Mars—van
Krevelen mechanism. The higher activity of Mn-based catalysts, such as N-140
and N-150, for n-pentane oxidation under microwave irradiation could be
explained by the ease of reoxidation of the reduced surface giving up lattice
oxygen. On the contrary, reoxidation by the conventional heating would be much
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Figure 18.2 Acetaldehyde oxidation over decreasing (full line) temperature; e: N-150
N-150 and G-3A under microwave irradia- MW, o: N-150 CH, a: G-3A MW, a: G-3A CH;
tion (MW) and conventional heating (CH) 1400 ppm CH5CHO in air, GHSV: 9000 h=".
measured with increasing (dotted line) and
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slow comparing with the microwave heating, resulting in the lower performance
for n-pentane oxidation caused by the lower oxidized states of surface where
small amounts of lattice oxygen would exist. On the other hand, in the case
of acetaldehyde oxidation, amounts of dissociatively adsorbed oxygen on the
surface under both heating methods would be almost similar resulting in the
small differences in the conversion.

A possibility of forming new active phase by microwave irradiation at high tem-
peratures would not be excluded, on the basis of the appearance of higher con-
version in cooling process after the exposure to high temperatures in n-pentane
oxidation. By XRD measurements, it is confirmed that the oxidation states of
oxides in the tested commercial catalysts are more reduced by the conventional
heating than by the microwave heating. It is guessed that the microwave irradi-
ation would keep the surface of catalyst in more oxidized state than the conven-
tional heating in the oxidation process of n-pentane. On the other hand, in the case
of acetaldehyde oxidation, only hematite is observed in N-150 as an oxidized state
of iron oxide, whereas maghemite in addition to hematite is observed in G-3A after
oxidation process with both microwave and conventional heating. Several studies
have pointed to the oxygen species including overabundance of oxygen in the sur-
face layers, which would be capable of extracting hydrogen from a methylene C-H
bond of n-pentane [21].

Microwave-assisted oxidation or decomposition of other VOCs such as organic
halide compounds and organic nitrogen compounds were studied using appro-
priate catalysts. A series of model organic halide compounds of polychlorinated
hydrocarbons are decomposed by the technique of microwave catalysis, using
metal powders of Ni, Fe, and Co as catalysts [22]. Primary free radical mechanisms
of the decomposition by breaking selectively C—X bond are established. Oxidative
decomposition of trimethylamine under microwave irradiation over mixed cata-
lyst of zeolite and MnO, was investigated, and the effect of microwave irradiation
is confirmed comparing with conventional heating [23].

In addition to VOCs components, diesel particulate matter consists mainly of
highly agglomerated solid carbonaceous material, the so-called soot. A major
problem is the fact that exhaust temperatures are generally low as compared
to soot light-off temperatures. Hence, apart from additional filter, exhaust
gas preheating is usually required. Alternatively, microwave heating has been
applied, whose advantage is a bulk heating technique that is fast and selective.
For microwave-assisted soot filters, regeneration efficiency close to 80% can be
reached by using La, 4Ce, ,MnOj, perovskite [24].

18.4
Microwave-Assisted Reduction of NO, and SO,

NO, and SO, are emitted from fossil fuel combustion in mobile and stationary
sources and are the major air pollutants. NO, contribute a lot of photochemical
smog, acid rain, ozone depletion, and greenhouse effect. SO, is also generally
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accepted to be the most important precursor to acid rain [7]. Microwave-induced
catalysis has been applied to topics of environmental concern including degrada-
tion of NO,, and SO, [25]. Among many technologies to reduce the emission of
NO, and SO,, the catalytic technology of direct and reductive decomposition of
these oxides is more attractive because of the compact apparatus without reduc-
ing agent and high efficiency. It is reported that the reduction of NO, could be up
to 98% conversion when microwave energy is applied continuously [26]. On the
other hand, as a case of using reducing agent, the use of both catalyst and ammo-
nium bicarbonate combined with microwave energy could increase the catalytic
reductions of NO, and SO, significantly [27].

As an application of microwave dielectric heating in environment-related het-
erogeneous gas-phase catalytic systems, SO, reduction by CH, has been reported
whereby the amount of microwave power absorbed by the dielectric depends not
only on the electromagnetic field applied but also on the dielectric property of the
heated catalyst [28]. Microwave-assisted catalytic reduction of SO, with CH, over
Al,O;-supported MoS, catalyst is similarly reported [29]. The existence of hot
spots in the catalysts heated by incident microwave has been verified by the detec-
tion of a-Al,O; at a recorded temperature some 200 °C lower than the tempera-
ture at which the phase transition of y-Al, O, to a-Al, Oy is usually observed. In the
case of microwave-assisted purification of automobile emission, NO, reduction
temperature is lower shifted by the microwave irradiation and the reason could
be attributed to a kind of internal heating which possesses many characteristics
such as uniformity, quickness, and high-energy efficiency [30].

Wan et al. report a decomposition of NO, over C-21, a commercial catalyst
comprising of Fe,O, and Cr,O;, is markedly accelerated under microwave irra-
diation [31]. Similarly, the NO, decomposition activity of commercial catalysts of
G-3A, NF-9, G-53D, G-132, N-140, and N-150, whose temperatures were main-
tained around 900 °C by controlling microwave irradiation conditions in a stream
of NO-H,O-He, was also studied [13, 32]. Among the catalysts tested, only G-
3A, N-150, and G-132 exhibit an apparent activity of NO, decomposition, and it
is noteworthy that G-3A shows 100% NO, conversion, and 50% conversion is kept
even at 450 °C as shown in Figure 18.3. On the other hand, with the conventional
heating, G-3A shows low conversion of less than 10% even at 800 °C. Addition of
CH, to the NO, stream increases the performance of G-3A remarkably to shift
the temperature of giving 90% conversion to 170 °C lower comparing with the
temperature obtained without CH, [33]. On the contrary, addition of O, to the
NO, stream decreases the performance of G-3A to give 40% conversion at 900 °C
under microwave irradiation, even though no conversion is observed with the
conventional heating. Approximately all conditions, the obtained activation ener-
gies of microwave heating, are always lower than those of conventional heating.
Using XRD, it is found that the crystal state of G-3A exposed to higher tempera-
tures under microwave irradiation in NO—H,O—He stream is mainly magnetite,
whereas that heated by conventional method is composed of a mixture of hematite
and magnetite. Also AFM 3D-height images indicate that the surface of microwave
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Figure 18.3 NOX reductive reaction over G- NO-2.6% Hzo in He, GHSV: 4800 h~', a:

3A under microwave irradiation (full line) and 630 ppm NO-5% 0,-2.6% H,O in He,
conventional heating (dotted line) measured ~ GHSV: 4800 h~", m: 1600 ppm NO-6000 ppm
with decreasing temperature; e: 630 ppm CH,-3% H,0 in He, GHSV: 4800 h-T.

irradiated seems to be coarsely granular, on the contrary, that of conventionally
heated seems to be almost smooth as shown in Figure 18.4a,b [11, 13].

During conventional heating, where heat is transformed to the exterior of the
catalyst particles based on thermal conduction, the exterior of the particles would
be highest in temperature. Therefore, sintering would predominantly take place at
the exterior of the particles through a shell-progressive mechanism. In contrast,
as microwave heating is a kind of internal heating, the interior of the particles
might be highest in temperature during dielectric heating based on its bulk heating
property, by creating an effectively inverse temperature gradient throughout the
particles. For this reason, superheating and sintering would occur predominantly
in the interior of the catalyst particles as a result of the high temperature at the
interior of the particles; thus, observed changes in the surface state of catalyst
during dielectric heating proceed through a growing core mechanism, different

Microscope NSIIl AFM Microscope NSIII AFM
Scan size 500.0 "M Scan size 508.0 nM
Setpoint 20V Setpoint

scan rate 2.0Hz scan rate

Number of samples 256 Number of samples

X 100.000 nM/div X 100.000 nM/div
Z 100.000 nM/div Z 100.000 nM/div

Figure 18.4 AMF 3D-height images of G-3A used for NO, reductive reactions under
microwave irradiation (a) and conventional heating (b).
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from the growing shell mechanism of the conventional heating. As a result of such
microwave heating mechanism, the reduced surface would be formed, which is
appropriate to reduce or decompose NO,, and the decomposition of SO, under
microwave irradiation might also proceed according to the similar mechanism.

18.5
Conclusions

Real benefits of microwave heating of catalysts for the removal of environmental
pollutants would be summarized as follows. That is to say, very high rates of tem-
perature rising of catalyst oxides of pure and mixed oxides can be achieved even
in the shaped pellets, extrusions, and monoliths. Considerable bulk superheating
can be achieved to form hot spots, new active phase, and specific surface state dif-
ferent from those formed by conventional heating, resulting in higher activities of
catalysts for environmental purification. In heterogeneous catalyst systems, there
may be significant microwave heating effects due to both the heterogeneity of the
dielectric and the presence of interface regions in the complex oxides of commer-
cial catalysts.

In microwave-irradiated oxidative and reductive catalysts, it is quite possible
for some regions to be hotter than others on a macro- or micro-scale, being said
as “hot spots,” to form new active sites that could not be easily formed by the
conventional heating. That is to say, the formation of oxidative or reductive active
sites would be caused by the reoxidation of the surface giving up lattice oxygen
under oxidative conditions or reduction of the surface under reductive conditions
induced by the microwave irradiation. Many literatures have stated that the appli-
cations of microwave heating to catalytic systems would possibly shorten pro-
cess time and reduce the required process energy consumption, apart from being
effective for the removal of pollutants such as VOCs, NO,, and SO,. Apart from
highly specialized applications using dielectric catalysts, little commercialization
has been seen in the field of environmental purification engineering. Following
reasons would be considered. Firstly, little fundamental data exist regarding the
dielectric properties of oxidative or reductive catalysts used actually. The second
reason is a lack of knowledge concerning the design of microwave heating appa-
ratus. In spite of such problems, microwave-assisted catalytic processes for the
environmental purification, where a number of benefits including process time
saving and increased process conversion are apparent, may be considered to be
likely candidates for further development.
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Microwave-/Photo-Driven Photocatalytic Treatment

of Wastewaters
Satoshi Horikoshi and Nick Serpone

19.1
Situation of Wastewater Treatment by Photocatalytic Classical Methods

The photoassisted oxidative (and reductive) decomposition of pollutants by
means of TiO, photocatalyst nanoparticulates is an effective and attractive oxida-
tion (reduction) method in the general area of advanced oxidation technologies.
Several review articles have appeared that summarize environmental protection
using TiO, materials as the photocatalysts [1—4]. Applications of photoassisted
treatments to air pollution have been developed by TiO, fixation on several
suitable substrate supports, such as in filters found in air conditioners [5]. How-
ever, this photoassisted degradation methodology is not suitable for large-scale
wastewater treatment because the rates of degradation of organic compounds
dissolved in wastewaters tend to be rather slow. In this regard, relatively little has
been done in this area in the last decade as large-scale treatments of organic pol-
lutants in aquatic environments have not been without some problems, not least
of which is the low photodegradation efficiency, a result of several factors, most
notably: (i) the poor adsorption of wastewater organic pollutants on the TiO,
surface; (ii) the penetration of UV light tends to be shallow in turbid wastewaters;
(iii) the need for dissolved oxygen in the photoassisted degradations; and (iv) the
need to immobilize TiO, nanoparticles in their use in aquatic ecosystems. Also
relevant, the processing time has been the principal problem in actual wastewater
treatments that have used TiO, nanomaterials. Many of the above problems could
be resolved if the activity of the photocatalysts were improved. To achieve such
an objective, Horikoshi and coworkers proposed sometime ago [6] the coupling
of both microwave radiation and ultraviolet radiation (UV/MW) to enhance the
activity of photocatalysts. With the latter coupled (i.e., integrated) methodology,
it was possible to enhance the photoassisted degradation processes in TiO,
dispersions by the added assistance of microwave radiation in the remediation of
wastewaters contaminated with such pollutants as dyes, polymers, surfactants,
herbicides, and endocrine disruptors, among others.
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19.2
Experimental Setup of an Integrated Microwave/Photoreactor System

Continuous microwave irradiation of a wastewater sample can typically be
achieved in a single-mode applicator using a 2.45-GHz microwave generator, a
power monitor (to assess incident and reflected microwave power), a three-stub
tuner, and an isolator (an air cooling device) such as the one fabricated by the
Hitachi Kyowa Engineering Co. Ltd (Figure 19.1a,b) [7]. A typical microwave-
photoreactor (MPR) setup might contain a model wastewater sample (30 ml)
containing TiO, particles (Evonik P25; 60 mg loading) introduced into a closed
high-pressure 150-ml Pyrex glass cylindrical reactor. Subsequent irradiation of
the reactor with UV light from a super high-pressure Hg lamp can be achieved
through the means of a light guide. The solution temperature is usually measured
with an optical fiber thermometer.

Three different methodologies can be used to examine the photodecomposi-
tion of aqueous samples of pollutants in aqueous TiO, dispersions. The first is the
photo-/microwave-assisted method using UV light and microwave irradiation in
the presence of TiO, (UV/MW). The second method entails UV irradiation alone
(UV), whereas the third involves a thermal-assisted photodegradation of the TiO,
dispersions using UV light and externally applied conventional heat (UV/CH). In
the present context, the external heat can be supplied by coating one part of the
cylindrical photoreactor with a thin metallic film on one side at the bottom of
the reactor, whereas the uncoated side permits the UV radiation to reach the dis-
persion. No differences in temperature profiles were observed when using both
UV/MW and UV/CH methods.
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Figure 19.1 (a) Photograph of an inte- irradiation time for an aqueous TiO, disper-
grated microwave/photoreactor system sion under microwave irradiation. Repro-
having a single-mode applicator and (b) duced from Ref. [7]. Copyright 2014 by

schematic of the system and a typical plot Elsevier B.V.
(inset) of the change of temperature with
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19.3
Microwave-/Photo-Driven Photocatalytic Wastewater Treatment

19.3.1
Degradation of Rhodamine B Dye

The photooxidative remediation of wastewaters with TiO, as the photocatalyst has
been reported in many international journals (see, e.g., Ref. [8]). In the degradation
of a dye substrate, the photoassisted reaction can be accomplished by means of
electron transfer from the excited dye that is exposed to visible light. In this regard,
it is noteworthy that the Japanese Industrial Standards (JIS) includes the methy-
lene blue (MB) dye as a standard wastewater substance to ascertain the activity of
photocatalysts. Some dyes are poorly photodecomposed and thus are not useful
in ascertaining the photoactivity of a metal-oxide photocatalyst. For example, the
rate of photodegradation of the cationic rhodamine B (RhB) dye is slow in acidic
aqueous media because the surface of the TiO, particles is positively charged
(Ti-OH,*; pI=6.3). However, RhB has proven an interesting model compound to
examine the microwave effect. In earlier studies, the major focus was on the degra-
dation of organic pollutants, as exemplified by the degradation of the RhB dye
catalyzed by TiO, semiconductor particles under both UV and microwave irra-
diation [6]. Changes in color intensity of the RhB dye solutions occurring under
various conditions are illustrated in Figure 19.2 [9]. The photodegradation of RhB
is clearly evident on using the TiO,-assisted UV/MW method. These observations
demonstrate that a method that can treat large quantities of pollutants in wastewa-
ters by a hybrid combination of microwaves and TiO,-photoassisted technologies
is conceivable. The photodegradation of RhB by this metal oxide is unaffected by

RhB solution  TiO,/UV  TiO,/UV/MW  TiO,/UV/CH

Figure 19.2 Visual comparison of color RhB subjected to integrated microwave-
fading in the degradation of RhB solutions /photo-assisted degradation (UV/MW); and
(0.05 mM) subsequent to being subjected to  RhB subjected to thermal- and photo-
various degradation methods for 150 min. assisted degradation (UV/CH). Reproduced
From left to right: initial RhB solution; RhB from Ref. [9]. Copyright 2009 by Elsevier B.V.
subjected to photoassisted degradation (UV);
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conventional heating (CH) — compare, for example, the results from the UV and
the UV/CH methods in the presence of TiO, (Figure 19.2).

Microwave effects were examined by the temporal decay of total organic
carbon (TOC) in the degradation of aqueous RhB solutions under four different
methodologies. Results displayed in Figure 19.3a show that for a TiO, loading
of 60mg (volume 30ml) there is no distinction between the efficacy of the
UV and UV/CH methods [6, 7]. In the absence of the metal-oxide TiO,, no
changes in TOC occurred when the RhB dye solution was irradiated only by
the microwaves, even after 3h. At a TiO, loading of 30 mg (volume 30 ml), the
UV/MW method proved very efficient in decreasing the TOC by nearly a factor
of 6 from 18.6 mg1~! (ppm) to 3 mg1~! after 3h.

The degradation of RhB was also examined at two different UV-light irradi-
ances (0.3 and 2.0 mW cm™2) to assess the microwave effects through the loss of
TOC as depicted in Figure 19.3b. Clearly, the degradation of RhB by the UV/ MW
method was faster even at the lower irradiance of 0.3 mW cm~2 than occurred by
the UV method alone at the higher irradiance of 2.0 mW¥ cm~2. Evidently, the sit-
uation at the lower UV-light irradiance accentuated the effect of the microwave
radiation.

The disappearance of TOC in aqueous RhB solutions under various atmospheric
conditions (air, oxygen gas, and helium gas) in the presence of TiO, is illustrated
in Figure 19.3c. Recombination of photogenerated valence band holes with con-
duction band electrons after UV irradiation of TiO, particles is known to compete
with formation of reactive oxygen species (e.g., *OH and *OOH radicals) that typ-
ically lead to degradative processes. The degradation of an organic pollutant via
a TiO,-photoassisted reaction typically follows the order oxygen gas > air > inert
gas (e.g., He). In the present instance, integrating microwave irradiation to UV
irradiation for an oxygen-saturated solution led to a twofold enhancement in the
decrease in TOC [6, 7]. Moreover, the decrease in TOC in the air-equilibrated
RhB solution by the UV/MW method was enhanced relative to the degradation
of oxygen-saturated RhB solutions by the UV method alone. Within experimen-
tal error, the decomposition rate of the He-purged RhB solution by the UV/MW
method was nearly the same as the rate for an oxygen-purged dye solution by
the UV method alone, again indicating the influence of microwave factors in the
degradation process.

The impact of microwave power on the degradation of RhB solutions is illus-
trated in Figure 19.3d [6, 7]. The temperature rise from ambient (25 °C) at power
levels of 150, 225, and 300 W was 62, 75, and 138 °C, respectively, within the first
20 min of irradiation. The increase in microwave power enhanced the degrada-
tion of RhB solutions, as witnessed by the decrease in TOC for an irradiation
period of about 2 h: the decrease in TOC by the UV/MW was 61% at a microwave
power of 150 W/, 82% for 225 W, and 92% at 300 W. In the absence of MW irradia-
tion, the extent of TOC decrease by the UV method alone was only 14%. Clearly,
under the conditions used, microwave power output enhanced the decomposition
dynamics.
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(b) temporal evolution of the decrease in

TOC during the degradation of RhB solution

(0.050 mM, 30 ml) at a radiance of 0.3 and

2.0mW cm~2; (c) decrease in TOC values for
the influence of different added gases on the
degradation of RhB (0.050 mM); (d) decrease

with TiO, loading (30 mg) by the UV/MW
method (microwave applied power at 150,
225, and 300 W); and (e) temporal evolu-
tion of the formation of NH,™ ions in the

decomposition of RhB (0.050 mM) using the

UV, UV/CH, and UV/MW methods; the radi-
ance was 0.3 mW cm~2. Reproduced from
Ref. [7]; Copyright 2014 by Elsevier B.V. and
in part from Ref. [6]; Copyright by the
American Chemical Society.
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Formation of NH," (and NO,~) ions in the decomposition of RhB was also
investigated by the UV, UV/CH, and UV/MW methods in the presence of TiO,
nanoparticulates (only data of NH,* are shown in Figure 19.3e) [6, 7]. Again, the
UV/MW method led to more significant changes than either the UV or UV/CH
methods alone in converting the two nitrogen atoms in the RhB structure. In this
regard, the mineralization yields of the two nitrogen atoms, given as the sum of
the yields of NH,™ and NO,~ ions, respectively, after 3 h of irradiation were 77%
(70% + 7%) for the UV/MW procedure, 12.8% (10% + 2.8%) for the UV method,
and 8% (8% + 0%) for the UV/CH method. The increased formation yield of
NH,* ions by the UV/MW method was significant by comparison with the UV
and UV/CH methods. These features inferred that the mechanistic details in the
degradation of RhB in aqueous media in the presence of TiO, differed under
UV/MW irradiation relative to the UV-induced degradation.

The initially formed intermediates from the degraded RhB were identified by
electrospray ionization (ESI) ionization mass spectra and subsequently confirmed
by HPLC/absorption spectroscopy (HPLC: high pressure liquid chromatography)
[10]. An initial adsorption model of RhB molecule on the TiO, surface was pro-
posed by computer simulations that led to estimates of frontier electron densities
of all atoms in the RhB structure, which afforded inferences as to the position of
*OH (or HOO?) radical attack on the RhB structure. Results from these simula-
tions led to the proposed degradation mechanisms summarized in Scheme 19.1
[10]. For the UV method, RhB approaches the positively charged TiO, surface
through the two oxygen atoms in the carboxylate function bearing the greater
negative charge, with further assistance provided by the repulsion between the
positively charged nitrogen atoms and the positive TiO, surface. Accordingly, de-
ethylation of RhB by the UV method was rather inefficient as evidenced by the
formation of intermediate (I) only (liquid chromatography/mass spectral detec-
tion analysis).

Diethylamine was formed through the cleavage of the C-N bond in the
C-N(C,H;), fragment of RhB. For the UV/MW method, the increase in the
hydrophobic nature of TiO, through microwave irradiation facilitated adsorption
of RhB through the aromatic rings aided by the three oxygen atoms in RhB;
that is, RhB lay flat on the particle surface. The principal intermediates formed
in the degradation of RhB by the UV/MW method were the N-de-ethylated
species I-IV. Ultimately, the amino groups of intermediate IV were converted
predominantly into NH,* ions. The hydrophobic methyl component of the ethyl
group could not adsorb onto the hydrophilic TiO, surface, so that transformation
of the nitrogen atoms was not a priority event in the photoassisted process.

Generally, a quaternary cationic ammonium function on the RhB structure can-
not adsorb on the positively charged TiO, surface, which explains why priority
transformation of the nitrogens in RhB did not occur under acidic pH conditions
below pH 7. The above notwithstanding, it is somewhat enigmatic that under
UV/MW irradiation, the extent of NH,* ion formation (and NO;~ ions) from
the nitrogens of the RhB dye was far more efficient than under UV or UV/CH
irradiation (Figure 19.3e).
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19.3.2
Change of TiO, Surface Condition under a Microwave Field

The surface electric charge of TiO, particles is an important factor that impinges
on the adsorption of substrates on the TiO, surface. Accordingly, the electric
charge on the TiO, surface was ascertained by a zeta-potential analysis using
the coupled microwave/UV irradiation system shown in Figure 19.4a [7]. Under
UV-light irradiation alone, the zeta-potential was positive in acidic media and
decreased with an increase in pH of the aqueous TiO, dispersions, Figure 19.4b.
The point of zero charge (pzc) of the TiO, particles under UV irradiation was
attained at pH ~7.2. On the other hand, the typical zeta-potential curve was
not evident under simultaneous UV/MW irradiation conditions, Figure 19.4c
[7]. In the latter case, the zeta-potential remained somewhat positive in the
0-20mV range for dispersions throughout the pH range 4—9. The scatter in the
data of Figure 19.4c was likely caused by some unexpected convection currents
originating from the microwave heating of only a portion of the dispersion in the
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sample cell. In all cases, the pzc measurements were repeated no less than five
times at each pH examined. Evidently, the surface charge on the TiO, particles
caused by UV irradiation was significantly perturbed when the particles were
also exposed to MW irradiation, although significant scatter was seen in the data.
A change of the TiO, surface charge by the microwave radiation changes the
adsorbed state of RhB in a manner that facilitates the cationic nitrogen group to
approach the TiO, surface.

19.3.3
Specific Nonthermal Microwave Effect(s) in TiO, Photoassisted Reactions

In the degradation of various pollutants in wastewaters, the effect of microwaves
manifested itself in the enhancement of the reaction dynamics that otherwise
could not be obtained by conventional heating. In many instances, such enhance-
ment has been attributed to a specific effect(s) (nonthermal) imparted by the
microwaves and not to microwave dielectric heating (thermal factor). As evidence
for this assertion, the microwave-assisted photodegradation of bisphenol-A (BPA)
was examined in the presence of TiO, at near-ambient temperature to unravel
some details on the importance of the microwave nonthermal factor. BPA is
one of many listed endocrine disruptors that tend to accumulate in the natural
world with serious consequential damage to the reproductive cycle in a variety
of animal species [11]. In an earlier study [12], the photodegradation process of
the contaminant BPA was found to be affected only by the thermal effect of the
microwave radiation that enhanced its decomposition.

To further delineate between the microwaves’ thermal and nonthermal factors,
the degradation of BPA was re-visited later [13] using an integrated microwave/
photoreactor (MPR) system equipped with a cooling system (Figure 19.5a).
The Pyrex reactor consisted of a double-layered structure with internal and
external diameters of 75 and 100 mm, respectively. The silicone oil refrigerant
was circulated through the inner part of this double-layered structure using a
circulation cooling apparatus. Note that the silicone oil absorbed only a negligible
quantity of the microwave radiation owing to its low dielectric loss (g,” = 0.009
below 25 °C). The temperature of the silicone oil was maintained at —20°C by
the recirculation apparatus operating at the maximal flow rate possible. The
UV-light source was a super high-pressure 150-W mercury lamp. The temper-
ature of the aqueous TiO, dispersion was measured through a sealed optical
fiber thermometer. Air-equilibrated aqueous bisphenol-A solutions (0.050 mM,
50ml) containing TiO, particles (loading, 150 mg; Evonik P25) were introduced
into the MPR reactor under dark conditions. The course of the BPA degradation
was followed using three experimental protocols: (i) the integrated microwave-
/photo-assisted method in the presence of TiO, particulates (UV/MW); (ii) the
UV/MW method under controlled ambient temperature with the cooling system
(UV/MW/Cool); and (iii) the photoassisted method alone (UV) mediated by
TiO,. The temperatures of the solution by the UV and UV/MW/Cool methods
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in the concentration of bisphenol-A (BPA: Reproduced from Ref. [13]. Copyright 2007
0.050 mM) during its decomposition in aque- by Elsevier B.V.

ous media by photoassisted oxidation (UV),

were kept at 21 °C, whereas the temperature in the UV/MW method reached
85 °C after 1 h of irradiation.

The time course of the degradation of bisphenol-A by the UV, UV/MW, and
UV/MW/Cool methods is reported in Figure 19.5b. The relevant degradation
dynamics subsequent to UV/MW irradiation was about twofold faster than for
the UV method alone (3.3x10™*mMmin~! vs. 1.7x 10~* mM min~!, respec-
tively). The earlier study [12] found that the kinetics of photomineralization of
BPA through loss of TOC were nearly identical for the UV/MW method and for
the photoassisted method under conventional heating (UV/CH) at otherwise
identical temperatures. However, when we examined the results summarized in
Figure 19.5b [13], it was evident that the rate of the microwave-/photo-assisted
degradation of BPA under controlled ambient conditions (UV/MW/Cool), with
temperature maintained constant at about 21°C, was twofold faster than for
the degradation of BPA by the UV/MW protocol (6.5x10~*mM min™! vs.
3.3x 10~* mM min~!, respectively) taking place at the higher temperature. The
extent of degradation of BPA followed the order: UV/MW/Cool (78%) > UV/MW
(42%) > UV (21%) after microwave and/or UV irradiation for 1 h. Clearly, under
the conditions used in the later study [13], the microwave-/photo-assisted degra-
dation of BPA was most efficient when carried out at near-ambient temperature,
under which the microwave-assisted photodegradation of BPA was not only due
to a microwave thermal effect but also due to a significant nonthermal effect that
we inferred might implicate hot spots on the TiO, particle surface that led to
enhanced photodegradation under constant ambient temperature. The existence
of hot spots on a Pd/activated carbon catalyst has been documented by Horikoshi
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and coworkers [14, 15]. Other origins of the microwave nonthermal effect may
include additional formation of charge carriers on the TiO, photocatalyst and
formation of additional trap sites that may otherwise prolong the lifetimes of the
charge carriers in TiO, through diminished recombination, and thus an ultimate
increase in process kinetics.

19.3.4
Microwave Frequency Effects on the Photoactivity of TiO,

Microwave frequency (2.45 GHz generally used vs. the 5.8 GHz frequency) effects
on the photoactivity of P25 TiO, have been examined in the photodecomposition
of methylene blue (MB) [16]. Results of the temperature change of the solution
and the photoassisted degradation of MB by the UV and UV/MW methods are
displayed in Figure 19.6, which shows that the temperatures of the aqueous MB
solutions subjected to the 2.45 and 5.8-GHz microwaves were nearly identical on
adjusting the input power of the incident microwaves (Figure 19.6a). As such, the
temperature of the aqueous MB solutions can have no influence on any differ-
ence between decomposition rates when the solutions are subjected to different
microwave frequencies.

The degradation of MB was considerably attenuated at the 5.8-GHz frequency
relative to the 2.45-GHz microwaves (Figure 19.6b). In fact, observations for the
UV/MW (5.8 GHz) method are not significantly different from the degradation of
MB when using the UV method alone subsequent to irradiation for 3 h. By con-
trast, the extent of degradation reached 94% for the UV/MW method when using
the 2.45-GHz microwaves. The frequency effect was also examined in the decom-
position of BPA and 4-chlorophenol (4-CP). In both cases, the results showed
similar tendencies as for the MB. Differences in the behavior of both MW fre-
quencies could not be attributed to the chemical constitution of the substrates.

379

0.010
UV/MW (2.45 GHz)

120 —
s S 0.008
E E
S 80 S 0.006
8 g
§ S 0.004
£ 40 2
8 8 0.002

0 0 ] > 3 0.000
(a) Irradiation time (h) (b) Irradiation time (h)
Figure 19.6 (a) Temporal changes of the and 5.8-GHz microwaves in the presence of

temperature and (b) decrease in methylene  TiO,. Adapted from Ref. [16]. Copyright 2009
blue (MB) concentrations by the UV and by by Elsevier B.V.
the integrated UV/MW protocols with 2.45



380

19  Microwave-/Photo-Driven Photocatalytic Treatment of Wastewaters

The authors inferred, that loss of photoactivity of the P25 TiO, was likely due to
some specific effect(s) imparted on this TiO, specimen by the 5.8 GHz microwaves
[16]. These results show that the enhanced photoactivity of P25 required 2.45 GHz
frequency and support the earlier assertion that the microwaves impart not only
a thermal effect when used to degrade pollutants in the presence of such metal-
oxide specimens, but also a significant effect of the microwaves’ nonthermal factor.

19.3.5
Increase in Radical Species on TiO, under Microwave Irradiation

It is well known that when a TiO, particle is illuminated at wavelengths corre-
sponding to photon energies equal to or larger than the bandgap energy, valence
band electrons are excited to the conduction band and holes are produced in the
valence band. Most of the electron/hole pairs produced recombine after some tens
of picoseconds with the energy being released as emission of photons, phonons,
or both [17]. Coordination defects at the surface of the particle and defects within
the particle lattice trap the remaining charges. The holes trapped at the surface
have a highly reactive oxidation potential, and the electrons have a highly reac-
tive reduction potential. Thus, photogenerated holes and electrons can induce
reactions at the surface that, for historical reasons, are often referred to as photo-
catalytic reactions [18]. Anatase titanium dioxide has a bandgap of 3.20 eV, which
corresponds to an absorption onset at a wavelength of 387 nm. This means that
electron/hole pairs are created when TiO, is irradiated with UV light at wave-
lengths shorter than 387 nm (Eq. (19.1)). To the extent that not all the photogener-
ated electrons and holes recombine, some of the holes can migrate to the surface
and react with surface-bound OH groups and/or water molecules surrounding
the particles that ultimately lead to the formation of hydroxyl radicals (*OH; Eq.
(19.2)). Dissolved oxygen molecules react with conduction band electrons (e”) to
yield superoxide radical anions (O,*; Eq. (19.3)), which on protonation gener-
ate the hydroperoxy radicals *OOH (Eq. (19.4)). Accordingly, the photooxidation
of organic substrates with the UV/TiO,-driven photoassisted process (Eq. (19.5))
depends on the concentration of *OH (and/or *OOH) radicals produced by the
photooxidation of surface hydroxyl groups and/or chemisorbed H,O:

TiO, + hv — TiO,(e~ + h*) > e~ +h* (19.1)

h* + "OH,,,¢ (and/or H,O) - *“OH(+H™") (19.2)

ep +0,—-0,"° (19.3)

0,”* +H* - *OOH (19.4)

*OH (or’ OOH) + organic pollutant — Oxidative products (19.5)

The possible enhancement of the photoactivity of TiO, photocatalysts sub-
sequent to being exposed to microwave radiation from the viewpoint of the
amount of *OH radicals generated was also investigated [19]. Formation of *OH
radicals during TiO,-assisted photooxidations that were driven simultaneously
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Figure 19.7 Setup used to generate *OH radicals in water alone under MW irradiation, in
an aqueous TiO, dispersion by MW irradiation alone, and by the UV and UV/MW methods.
Adapted from Ref. [19]. Copyright 2003 by Elsevier B.V.

by UV light and microwave radiation was probed by electron spin resonance
spectroscopy employing a novel setup in which the ESR (electron spin resonance)
sample (contained the DMPO spin-trap agent and various TiO, particles in
aqueous media; DMPO = 5,5-Dimethyl-1-pyrroline-N-oxide) was irradiated by
both UV light and microwave radiation [19]. In this case, microwave radiation
was produced using a magnetron microwave generator (frequency, 2.45 GHz), a
three-stub tuner, a power monitor, and an isolator (Figure 19.7). The UV irradi-
ation source was an Ushio 250-W mercury lamp; the emitted UV light irradiated
the sample at an angle to the horizontal plane using a fiber-optic light guide.

The number of *OH radicals generated under various experimental conditions
is summarized in Table 19.1. For P25 titania, the number of *OH radicals produced
by the UV/MW method was nearly 30% greater than the quantity generated by the
UV method alone [19]. A fivefold increase in incident microwave power from 3
to 16 W led to a significant increase (about 40%) in the number of *OH radicals.
Such an increase was sufficient to increase the efficiency of the photooxidation of
the organic pollutant in water.

For a UV100 TiO, sample, the increase in the number of *OH radicals produced
was only 10% greater on increasing the MW power five times. On the other hand,
the number of *OH radicals generated for the pristine anatase and rutile TiO,
samples decreased under microwave irradiation. The P25 specimen was clearly
influenced by the microwaves and generated *OH radicals efficiently under the
influence of microwaves. Therefore, the rate of decomposition of pollutants can
be enhanced when P25 is used to decompose the wastewater sample by the
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Table 19.1 Number of DMPO-*OH spin adducts produced in the various heterogeneous
systems under microwave irradiation, UV irradiation, and MW/UV irradiation relative to those
formed in the rutile TiO, specimen for the TiO,/H,0/MW heterogeneous system.

Methodology P25 uv100 Anatase Rutile
uv 182 45 110 110
UV/MW (3W) 259 51 92 76
UV/MW (16 W) 369 — — —

Reproduced from Ref. [19]. Copyright 2003 by Elsevier B.V.

UV/MW method. On the other hand, to the extent that the quantity of *OH
radicals produced by the other TiO, systems (commercial anatase and rutile) does
not increase even when irradiated with microwaves, the rate of decomposition is
not expected to be greatly affected.

19.3.6
Microwave Nonthermal Effect(s) as a Key Factor in TiO,
Photoassisted Reactions

A key factor in process dynamics — that is, microwave nonthermal effects — was
also examined when “impurities” were present in TiO, (e.g., N-doped TiO, [20]),
as well as oxygen vacancies and lattice distortions in TiO, crystallites [21]. Within
this context, the characteristics of 2.45-GHz microwaves were examined on two
second-generation titania samples, namely two N-doped TiO, nanomaterials
prepared by annealing P25 TiO, and Ishihara’s STO1 TiO, at 400 and 500°C,
respectively, in air in the presence of urea, and for comparison on the undoped
pristine samples [20]. Nitrogen doping led to an increase in the size of the particles
and to a decrease in the surface area. Temperature —time profiles showed that the
heating efficiency of the N-doped specimens under microwave irradiation was
greater, particularly significant for the N-doped P25 sample, but rather small for
the N-doped ST01 sample relative to the corresponding undoped specimens. The
effect of microwaves on surface optical phonons of the undoped P25 and N-doped
P25 TiO, systems, with and without UV/vis irradiation, was negligible (Raman
data). By contrast, microwave irradiation of pristine ST01 and N-doped ST01
TiO, samples showed significant changes in the 144 cm™! optical phonons, from
which we inferred a microwave thermal effect on the STO1 and N-doped STO1
specimens, whereas for the P25 samples the microwaves also imparted a specific
effect (i.e., a nonthermal effect) as the microwaves influenced the N-dopant sites
in contrast to the STO1 systems where the dopant sites seemed unaffected. The
microwave-/photo-assisted degradation of 4-CP under various conditions of
UV/vis irradiation and conventional heating, as opposed to microwave heating,
confirmed the role of the specific microwave effect on the P25 systems. As a
further verification of the latter, the possible effects of the 2.45-GHz microwaves
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on the Raman-active lattice phonons of undoped anatase and rutile specimens
(Wako Pure Chemical Ind. Ltd.), and for comparison P25 TiO, nanoparticles, by
the Raman technique when subjected to MW irradiation alone or in combination
with UV illumination (UV/MW) [22]. Results showed significant changes in band
intensities for anatase (Eg mode at 143 cm™!) and for rutile (446 cm™!), whereas
only negligible changes in intensity were again observed at 144cm™! for the
P25 nanoparticles exposed to MW and UV/MW irradiation. These observations
confirmed that microwaves had a negligible impact on the lattice phonons of
P25 titania, even though the specimen was thermally heated by the microwaves.
It was deduced [22] that the microwave energy absorbed by the P25 TiO, was
consumed to bring about changes at the interfacial boundaries between the
coupled rutile and anatase polymorphic structures, which likely caused the
formation of oxygen vacancies. The latter are well known to trap conduction band
electrons to yield F-type color centers [23—25], thereby allowing valence band
holes to produce additional *OH radicals as evidenced by the ESR results [22],
unlike the pristine anatase and rutile samples where the number of *OH radicals
decreased in UV/MW irradiation relative to UV irradiation alone. The resulting
increased charge separation within the P25 particles and the greater number of
°OH radicals are consistent with the increased rate enhancements and greater
photoactivity, which were not otherwise seen for the anatase and rutile samples.
A specific microwave effect was deduced by the available data [22].

Subjecting pristine P25 titania to various heat treatments at different temper-
atures (645-800 °C) resulted not only in changes in the anatase-to-rutile ratios
but also to a decrease in lattice distortions (X-ray diffraction data); the decrease
was greater in the rutile phase than in the anatase phase. In addition, particle
sizes transmission electron microscopy (TEM) increased linearly with increase in
temperature [21]. Changes in lattice distortions in the heat-treated P25 samples
caused the kinetics of photodegradation of 4-CP to increase the greater was the
extent of lattice distortions in the anatase and rutile phases of P25 TiO,, at least
under UV/MW irradiation, while under UV/CH and UV irradiation the kinetics
increased the greater was the distortion at first and then decreased with increased
distortions in both phases. The heat treatments probably caused changes in the
number of defect sites (e.g., oxygen vacancies) inherently present in pristine P25
titania. Moreover, microwave irradiation for 4 min caused the Raman band inten-
sities of pure rutile (446 cm™!) and pure anatase (143 cm™!), as well as those of the
anatase/rutile phases in the heat-treated P25 samples, to decrease significantly; on
termination of the microwave irradiation the bands tended to regain their original
intensities [21]. Such changes were again ascribed to some specific (nonthermal)
effect of the 2.45-GHz microwaves on the nanostructure of the samples.

Heat treatment of P25 titania and ST01 TiO, in the presence of H, caused the
former to change color from white to light blue, while the latter changed from
white to pale yellow with the colors being stable even after exposure of the samples
to air oxygen. The change in the extent of lattice distortion of the heat/H,-treated
STO1 specimen was twofold greater than for the P25 sample under otherwise
identical conditions. The UV —vis absorption spectra of both sets of specimens

383



384

Harmonic separator harmonic generator

Color filter

| Probe light

Lm e oo Microwave 77771 L

19  Microwave-/Photo-Driven Photocatalytic Treatment of Wastewaters

revealed a broad unresolved band envelope above 400 nm that was attributed [21]
to the formation of F-type color centers originating from oxygen vacancies [25].
The kinetics of photodegradation of 4-CP by these heat/H,-treated specimens
were enhanced significantly under UV/MW irradiation (about threefold) relative
to irradiation by the UV/CH and UV methods. In addition, the treated P25
sample was nearly 25% more efficient than the untreated sample, while the
corresponding STO1 specimen was 85% more efficient. Such increased efficiency
under UV/MW irradiation for the heat/H,-treated ST-01 specimen relative to
the pristine STO1 sample was not due to a microwave thermal effect but due to
some nonthermal effect of the microwaves impacting on the nanostructure of the
metal-oxide samples [21].

A nanosecond transient diffuse reflectance spectroscopic study of commercially
available pristine Ishihara STO1 titania, which on treatment with hydrogen yielded
an oxygen-vacancy rich Vo-ST01 system was undertaken to examine the effect
that microwaves have on the photogenerated charge carriers when exposed to
microwave radiation; for comparison, a N-doped N-ST01 sample was also exam-
ined (prepared using urea as the nitrogen donor) [26]. Time-resolved absorption
measurements were carried out using the second harmonic (532 nm) output pulse
from a neodymium-doped yttrium aluminium garnet (Nd:Y;Al;O,, or so-called
Nd:YAG) laser (Ekspla, SL311) employed as the pump light source. The repetition
rate of the pump laser was 10 Hz and the pulse duration was about 150 ps. About
2-ps pulses from a Xe flash lamp (Hamamatsu, L4642) were used as the probe
(~5 mm in diameter) light source focused on the sample specimen. A schematic of
the setup is illustrated in Figure 19.8a. A picture of the microwave irradiation setup
with the single-mode cavity is shown in Figure 19.8b; it included a short plunger,
an iris, a three-stub tuner, a power monitor, and an isolator. The microwave equip-
ment was arranged such that the waveguide was perpendicularly set so as not to
interfere with the laser light. The highly precise continuous microwave radiation
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Figure 19.8 (a) Image and (b) photograph of the nanosecond transient diffuse reflectance
spectroscopic system. Reproduced from Ref. [26]; Copyright 2015 by the Royal Society of
Chemistry.
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was generated from a 2.45-GHz microwave semiconductor generator (Fuji Elec-
tronic Industrial Co. Ltd; GNU-201AA; maximal power, 200 W).

Transient absorption decay kinetics at 550 nm for all three samples (pristine
STO01, oxygen-vacancy rich Vo-ST01, and N-doped STO01) in the dry and wet
states were determined in situ using the 150-ps Nd-YAG pulsed laser system
(I0Hz) and the Xe flash lamp (2-ps pulses) probe while samples were being
microwave-irradiated (2.45 GHz). The transient(s) absorbing at the probe wave-
length displayed double exponential decay kinetics: a fast decay that occurred
within about 5-12ns ascribed to recombination of photogenerated shallow-
trapped or free conduction band electrons with valence band holes, and a slower
decay that occurred within hundreds of nanoseconds to several microseconds
attributable to recombination of electrons trapped in deep traps (e.g., oxygen
vacancies yielding F color centers, or as Ti>*) with free holes [26]. Significant
differences were observed for the dry N-doped STO01 sample and for the wet
pristine ST01/H,O and the Vo-ST01/H, O systems when subjected to microwave
irradiation. In addition, the role played by microwave nonthermal factors was
also examined to assess the effect of oxygen vacancies on the photodegradation
of 2,4-dichlorophenoxyacetic acid (2,4-D) in aqueous TiO, dispersions under an
integrated microwave-/UV illumination method (UV/MW) and UV irradiation
with conventional heating (UV/CH) at 100 °C.

The presence of ions and/or oxygen vacancies within the crystal lattice enhances
microwave heating of ceramics [27]. In fact, oxygen vacancies are considered
responsible for Joule heating by microwave radiation in order to bring about
changes of the microscopic electrical resistance in ceramics. In addition, although
microwave energy conversion to thermal energy is affected by the presence of
oxygen vacancies, it is nonetheless possible under some conditions to control
the recombination of charge carriers (Figure 19.9) [26] and increase catalyst
activity [28].

MW

Heating

uv

Heating
Pertains to recombination
of charge carriers

Accelerated catalytic activity

Figure 19.9 Cartoon depicting the influence of microwave radiation on a Vo-STO01 particle.
Reproduced from Ref. [26]; Copyright 2015 by the Royal Society of Chemistry.
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19.4
Microwave Discharge Electrodeless Lamps (MDELs)

19.4.1
The Need for More Efficient UV Light Sources

It was shown in the preceding section that microwave radiation is effective in
enhancing the photocatalytic activity of metal-oxide specimens. Accordingly, a
treatment method that can treat larger quantities of pollutants in wastewaters is
conceivable by a hybrid combination of the microwave technology and the photo-
catalytic technology. However, the light source can be a problem in the scale-up of
microwave-assisted TiO,-photoassisted processes. The bandgap energy of anatase
TiO, is 3.20 eV, so that UV light below 387 nm is necessary to activate this metal
oxide. Generally, an electrode Hg lamp is used as the UV-light source in Advanced
Oxidation Processes. However, it is difficult to set up a typical mercury lamp in a
microwave field from the viewpoint of the electrical discharge. In addition, it is dif-
ficult to open the window for the light beam to the microwave applicator because
of possible leakages of the microwave radiation. Moreover, a small hole can only
irradiate a small fraction of the dispersions. Accordingly, novel microwave-driven
electrodeless lamps (MDELs) were developed by us (also photoreactors) and oth-
ers as UV-light sources to overcome many of these problems (see, e.g., review
article in Ref. [29]).

An MDEL device has certain attractive features based on electric and magnetic
fields coupling discharge that are significantly different from those of an electrode
conventional Hg lamp, namely (i) the relatively long lifetime of electrodeless
lamps, (ii) the lack of complications in lamp shape because the lamps are elec-
trodeless, (iii) the absence of variations in light intensity, (iv) the shorter ignition
time to lighting the MDEL device relative to a typical Hg electrode lamp, (v) the
UV radiation can be supplied external to the reactor to avoid absorption of the
microwave radiation by the reactor contents, (vi) the facility with which the lamps
can be replaced, (vii) the filling compounds (gases) that might be deleterious to
metals and plastics can be used, (viii) the electrical energy can be transmitted
from outside the reactor by a wireless process, and (ix) not least both UV and
microwave radiations can be used simultaneously to induce oxidative/degradative
processes to destroy organics and microorganisms using only microwave
energy.

A novel TiO,-coated MDEL system was recently reported by Cirkva and
coworkers [30], which they used to photodegrade monochloroacetic acid. They
prepared thin titanium dioxide films by the sol-gel process and characterized
them using several techniques. Apparently, process efficiency depended on the
intensity of the light (i.e., light irradiance) and on the initial pH of the solution.
Monochloroacetic acid was mineralized to CI~ ions, CO,, and H,O over the
irradiated titanium dioxide film in the microwave field, and was particularly
enhanced in alkaline media in the presence of H,O,, and significantly so on
increasing the light intensity.
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Figure 19.10 (a) Photograph of small MDELs and (b) the experimental setup of a small
MDEL device in a single-mode microwave apparatus. Adapted from Ref. [31]. Copyright
2011 by Elsevier B.V.

Along the same lines, small size microwave discharge granulated electrodeless
lamps (MDELSs) were fabricated using vacuum-UYV transparent synthetic quartz
as the envelope and a mixture of Hg and Ar as the gas-fills [31]. Dimensions of
the devices were 10 mm (length) by 5 mm (external diameter); see Figure 19.10a.
Subsequent to evacuating the MDEL quartz envelope to 133 x 1077 Pa, the sys-
tem was purged with argon gas (133 x 1073 Pa) after which a small quantity of
liquid mercury was added. Continuous microwave radiation was produced using
a Hitachi Kyowa Engineering System microwave generator (frequency, 2.45 GHz;
maximal power, 800 W), an isolator, a power monitor, and a short-circuit plunger.
To test the performance of such MDELSs, the photodegradation of the highly fluo-
rinated perfluorooctanoic acid (PFOA) was examined in 300-ml air-equilibrated
aqueous solutions that were circulated with a peristaltic pump through the multi-
pass UV/MW reactor (Figure 19.10b) containing the MDELSs (20 pieces) at a flow
rate of 600 ml min~!. Note that no TiO, was used in this experiment. Figure 19.11
illustrates the results of the defluorination of perfluorooctanoic acid in aqueous
media [31]. The extent of defluorination of PFOA was about 80% after 200 min of
microwave irradiation, which reached 100% upon further irradiation for another
200 min.

19.4.2
Purification of Water Using TiO,-Coated MDEL Systems in Natural Disasters

The great earthquake that occurred in eastern Japan on March 11, 2011 was soon
followed by a huge tsunami; hundreds of houses either collapsed directly by the
ground movement or else were destroyed during the subsequent tsunami. The
demand for drinking water by sterilization of natural water (accumulated rain
water) increased soon after the earthquake disaster. In connection with this, the
needs of water for other uses (e.g., water to rinse off mud, water for toilets) also
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Figure 19.11 Time profiles of the extent of the photoassisted defluorination of perfluo-
rooctanoic acid (PFOA) in aqueous solutions in the photoreactor containing the 20 MDELs
systems. Adapted from Ref. [31]. Copyright 2011 by Elsevier B.V.

Figure 19.12 Water sterilization equipment photograph and the TiO,-coated MDELs (150
used to sterilize natural water (accumu- pieces) [32] Copyright 2014 by S. Horikoshi
lated rain water) samples using the solar and N. Serpone.

cells located on the right-hand side of the

grew exponentially. Accordingly, the possible sterilization of resurgent water in
the earthquake-stricken area was examined using MDELs as well as natural water
collected in a pond (used as model natural water) using the setup illustrated in
Figure 19.12 [32].

To the extent that an electric supply is typically unavailable in such areas after
an earthquake and ensuing tsunami, the experimental setup also included a sys-
tem of solar cells that were connected to the equipment so that water purification
could be achieved. The sterilization equipment consisted of a reaction vessel that
contained 150 pieces of bead-shaped MDELs (10 mm long by 5 mm in external
diameter) positioned in the single-mode microwave applicator [32]. Sterilization
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was carried out by continuous introduction of the natural water (accumulated rain
water) sample from the reactor located in the upper part of the setup. The equip-
ment was so designed as to process natural water continuously on site. However, if
used for long periods of time, the surface of the various MDELSs tended to become
dirty. To overcome this issue, a thin layer of TiO, nanoparticles was coated on the
surface of the MDELSs so that the surface of the MDELs would remain clean by the
well-known self-cleaning properties of titanium dioxide [1, 5].

Preliminary experiments [32] showed that a single pass was sufficient to sterilize
more than 95% of the natural water (flow rate: 0.4 ml min~!) through the reactor
containing the TiO,-coated MDELs. Moreover, 100% killing of Escherichia coli
(E. coli) was observed by a single pass through the reactor. In fact, sterilization
of natural water was complete after only two passes through the reactor aided
by an appropriate recirculating pump. More importantly, this equipment can also
be used to process waters continuously that may have been contaminated with
agricultural chemicals such as insecticides.

19.5
Summary Remarks

Some 15 years have passed since the discovery that led to the improvement in
photocatalyst activity on exposure to microwave radiation. The photocatalyst
is a material that absorbs the energy of electromagnetic waves (UV light) and
changes it into chemical energy. In this regard, microwave radiation also consists
of electromagnetic waves. The notion of irradiating TiO, with microwaves
may appear strange at first because the photon energy (1x107°eV) of the
microwaves of frequency 2.45 GHz is several orders of magnitude lower than
the bandgap energy required (3.0-3.2¢€V) to activate the TiO, semiconductor.
Moreover, microwave radiation brings other effects to bear to a photocatalyst
other than heat. Microwave nonthermal effects have been deduced to contribute
significantly to the enhancement of TiO,-photoassisted reactions, as it may affect
both the surface and the crystalline structure of the metal oxide toward reactions
taking place at the surface. The mechanism of the effect of microwave radiation
on photocatalyzed reactions has evolved gradually. The enhanced treatment of
wastewaters through improvement in photocatalyst activity when exposed to
microwave radiation is now a clear possibility. In fact, coupling microwave radi-
ation with UV light in TiO,-photoassisted processes can contribute significantly
to the treatment of wastewaters as a novel advanced oxidation technology (AOT).
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