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Abstract

Microwave plasma technology is revolutionizing reaction engineering fields such as meth-
ane dry reforming, chemical synthesis, biomass conversion, and waste treatment. Micro-
wave generated plasma offers sustainable, cleaner and efficient operations compared to
conventional methods. Microwave plasma reactions are more efficient when integrated
with catalysts. In this article, a thorough categorization and comparison of microwave
plasma-assisted catalytic reactions are presented, while highlighting their contribution to
an energy efficient and sustainable future in chemical processing. An introduction on com-
mercial applications of microwave plasma technology is also presented to emphasize its
advantages in modern industries. Microwave irradiation can be used as a source of heat or
plasma. The addition of heterogeneous catalyst to either microwave heated or microwave
enhanced plasma systems can lead to complex pathways in reaction systems. A final sec-
tion in this article is dedicated to comprehend this complexity in chemical reactions occur-
ring in microwave heated and microwave plasma-enhanced catalytic systems.

Keywords Catalysis - Nonthermal plasma - Microwave discharges - Reaction mechanism

Introduction

Plasma, a distinct state of matter, is made of electron, ions, and neutral gas molecules.
Since plasmas have a low degree of ionization, the density of charged particles is much
lower than that of neutral species. At low pressure, the lighter electrons and some ions
quickly accelerate to higher velocities than the heavier neutral molecules. Hence, the
kinetic energy of electrons is much higher than the bulk neutrals causing non-equilibrium
plasma. Since non-equilibrium plasma does not raise the temperature of the bulk gas, it is
termed as cold or non-thermal plasma. On the contrary, when the pressure is high enough
to excite the charged particles and the neutrals almost equally, the plasma is termed as
equilibrium. At increased pressure conditions, the electron, ions as well as neutral mol-
ecules are highly agitated causing an increase in gas temperature and hence, equilibrium
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plasma is termed as hot or thermal plasma [1]. Since thermal plasma can produce high
heat, it is prevalent in the incineration of waste and toxic materials [2]. The nonthermal or
cold plasma technology is extensively used in industrial applications such as coating, sur-
face modifications, and etching [3].

Sources of plasma vary depending upon the type of electrode and excitation or energy
source. Plasma generators are qualified and quantified based on breakdown voltage,
electron energy, and electron density. Non-thermal plasmas are created either at low or
at atmospheric pressure. Low-pressure plasma discharges require cost-intensive process
chambers to maintain a vacuum. In contrast, non-thermal plasmas generated at atmos-
pheric pressure do not require such arrangements and hence are more advantageous [4].
Nonthermal atmospheric plasma generators are classified based on the source as corona
discharge, atmospheric pressure plasma jet, dielectric barrier discharge, atmospheric glow
micro hollow cathode discharge, and microwave discharges [5].

It is interesting to note that microwaves without plasma generation can be used as an
energy source in a catalytic reaction system and is a very well researched area. Micro-
wave irradiations are generated using electromagnetic waves at frequencies higher than
300 MHz. Microwave plasma or discharge, the subject of this review, is formed when
a gas is ionized under this high energy source. It can be generated under a wide range
of power and system’s pressure using a variety of gases [6, 7]. Microwave plasma offers
several advantages over other non-thermal plasma sources as shown in Fig. 1. The micro-
wave plasma density is reported to reach higher than 10" activated species per cm®. The
gas temperature is known to reach more than 1000 K. These advantages gives an edge
to microwave generated plasma in many industrial applications such as etching, layering,
and disinfection [8]. Since high pressure conditions can intensify electron and ion collision
pushing the plasma state to equilibrium state leading to high gas temperature, microwave
plasma can be put into thermal plasma category if generated at high pressure [9].

The role of catalysts in chemical reaction technology is well known since the early
1800 s [10]. Catalytic processes or reactions carried out in microwave-assisted plasma
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Fig. 1 Advantages of microwave plasma over other plasma sources
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systems is termed as microwave plasma-assisted catalytic technology or reactions. This
technology has brought a paradigm shift in catalytic reactions by offering reaction mecha-
nisms with lower energy pathways and improved yield [11]. Free electrons in the plasma
collide with gas molecules imparting excitation energies higher than the bond dissociation
energy. This helps in breaking of strong covalent bonds and formation of new chemical
species at mild reaction conditions [1, 12]. It is now extensively investigated in areas such
as removal of volatile organic compounds [13, 14], waste gas treatment [15], and reforming
technologies [16]. Microwave plasma reactors help in easy integration of catalysts because
of their electrode free designs, which is a major advantage over other nonthermal or ther-
mal plasma generators [17].

There are three main terminologies used throughout this review article. First, micro-
wave heated catalytic reactions- the reactions where microwave acts as a source of thermal
energy in the presence of a catalyst. Second, microwave plasma reactions- the reactions
that occur under gas plasmas ignited by microwave. Third, microwave plasma-assisted
or enhanced catalytic reaction- the reactions occurring in the gas plasma generated by
microwave in the presence of catalysts. The article begins with an overview of commer-
cial applications of microwave plasma to emphasize its current applications. The following
section exclusively discusses microwave plasma-enhanced catalytic reactions. This section
is broadly classified into methane conversion to C2 and hydrogen, methane dehydroaroma-
tization, carbon dioxide utilization, and ammonia synthesis highlighting the advancements
in the past decade. The final section is categorized into three distinct systems: Microwave
heated catalysis, microwave plasma, and microwave plasma-enhanced catalysis. The inter-
action of plasma species and microwaves on catalyst surface can be best understood by this
categorization.

Commercial Applications of Microwave Plasma Technology

Plasma technology has spanned and found its place in many industrial applications in the
last few decades. Microwave plasma specifically finds application in food and packaging
industries, microelectromechanical systems (MEMS), and chemical processing. Figure 2
shows the present and future applications of microwave plasma technology in a nutshell.
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Fig.2 Present and future applications of microwave plasma technology
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The following section highlights some established technologies utilizing microwave
plasma.

Microwave Plasma in Food Industry

Microwave plasma technology is widely used in the food industries for packaging, in
barrier coating for food preservation, and disinfections. It is used in surface treatment
to remove undesired organic impurities and in substrate deposition [18, 19]. Microwave
plasma UV lamps (MPUVL) is a device used in disinfecting food before their packaging
and sealing in a thermos-fill-seal (TFFS) system. The UV rays produced kill the contami-
nating bacteria on packaging material before the food items are packaged in a vacuum seal-
ing chamber. The integration of disinfection and sealing in a single device is useful for
large scale food disinfection and packaging [20, 21]. MPUVL offers several advantages
over conventional UV lamps [22, 23]:

(1) Electrodes in the conventional UV lamps have to be replaced periodically but MPUVL
does not require electrodes. This increases the lifetime of a UV lamp.

(2) The UV radiation can be pulsed at different modulation frequencies and intensities.

(3) MPUVL is 95% efficient in converting all microwave energy into UV radiations.

(4) The disinfection time is only 12 s while electrode UV lamps need 20 s to 3 min to warm
up.

(5) MPUVL has very low residual radiation energy and thus has almost instant shut off
capability. This prevents overheating of heat-sensitive materials near the lamps.

Microwave Plasma in Microelectromechanical Systems (MEMS)

MEMS are used to manufacture microscopic devices from materials such as silicon, pol-
ymers, metals, and ceramics. Chemical vapor deposition (CVD) and plasma etching are
two of the main manufacturing processes of these devices that require microwave plasma.
Microwave plasma-assisted CVD (MPCVD) is commercially used to produce high qual-
ity diamonds [24, 25]. In a typical microwave-plasma CVD system, microwaves triggers
breakage of C—H bonds in methane (CH,) forming hydrogen gas plasma. The free carbon
radicals thus deposited create crystal diamonds and ultrafine diamond films [26]. Another
significant application of plasma-enhanced CVD is layering of multi-crystalline silicon
solar cells with silicon nitride (Si;N,). Plasma generates uniform layers of Si;N,- which
provides reflective surfaces to solar cell wafers [27]. Similarly, plasma-etching systems are
highly commercialized and readily available in various forms and capabilities. In such sys-
tems, gas plasmas, usually made of oxygen react with the unwanted material on the sub-
strate’s surface. The volatile products hence formed are purged out from the system leaving
behind a clean and scratch-free surface [28, 29].

Microwave Plasma in Chemical Processing

Reaction technologies assisted by various plasma sources are now regarded as a sustain-
able alternative to many conventional chemical processes. Microwave plasma alone is
well studied in many chemical applications such as reforming, waste gas treatments, and
pyrolysis [30]. An interesting example of industrial application is biomass gasification by
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Plasma2Energy. It is a medium scale gasification plant producing 1830 m? ethanol and
253 m? of diesel fuel annually utilizing only 20% of generated energy [31]. RMX tech-
nology manufactures carbon fiber in a low-pressure microwave plasma reactor. This small
reactor (0.05 m diameter and 4 m in length) having only one-third of residence time of the
conventional reactor reduced energy requirement by 75% and manufacturing cost by 25%
[32].

Microwave plasma has established its advantages in some commercial processes but
chiefly remains unexplored in many important chemical processes such as reforming and
ammonia synthesis. It is still at a fundamental stage of research and development. This
review article summarizes chemical processes driven by microwave plasma in three main
categories: methane reforming & dehydroaromatization, carbon-dioxide utilization, and
chemical synthesis of ammonia & organic compounds. Commercial scale-up of these pro-
cesses face many challenges such as reliability, reproducibility, and energy efficiency. This
paper evaluates these challenges in every category by extensively reviewing published
reports in this area.

Microwave Plasma-Enhanced Catalytic Reactions in Methane (CH,)
Utilization

The high methane content in natural gas makes it a viable fuel and energy source. It is now
widely used in power plants to generate electricity, hydrogen production by commercial
processes such as steam methane reforming (SMR), industrial processes such as ammonia
production, and synthesis of aromatic compounds [33—-36]. All traditional methods that uti-
lize and reform methane release carbon dioxide, toxic gases, and undesired side products.
Since the early 1900 s, using catalysts to convert methane to useful products turned out to
be advantageous in terms of product yield and overall process efficiency. However, these
conventional methods require extreme process conditions making them consume more
energy [37].

Microwave plasma-enhanced catalytic conversion of methane to value added products
aims to eliminate these drawbacks associated with conventional processes. The subsequent
sections analyze most recent publications that addressee such issues.

Microwave Plasma-Enhanced Catalytic Conversion of Methane to C, Hydrocarbons
and Hydrogen

The earliest report on microwave plasma-enhanced catalytic conversion of methane to
ethylene and ethane establish a 52% methane conversion (maximum) with a selectivity
of 25% ethylene, 25% acetylene and 50% ethane. Power required for maximum con-
version was 60 W while the theoretical power needed for 100% conversion was calcu-
lated as 3.294 W, so the calculated energy efficiency (3.294/60) was only 5.5%. Coking
occurs in all the reaction scenarios either on the wall or catalyst surface, which was
minimized using lower power and higher flow rates. As for the postulated mechanism
behind product formation, interaction of microwave plasma over the Ni surface leads to
H-atoms abstraction from CH, forming theorized CH, CH,, and CHj; radicals. The free
CH, radicals lead to the synthesis of ethane, ethylene, and acetylene which are valuable
hydrocarbons. Hydrogen atoms abstracted recombine to form molecular hydrogen. The
selective conversion of methane to ethylene and acetylene were influenced by reactor
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pressure, the power, and the feed flow rate [38]. Figure 3 represents the theorized reac-
tion pathway of CH, conversion to desired products over Ni- catalyst under microwave
plasma.

Cho et al. investigated the oxidative coupling of methane (OCM) over a transitional
metal-promoted zeolite (ZSM-5) catalyst and achieved a 54.9% methane conversion to
ethane, ethylene, and acetylene under vacuum. Most importantly, they observed that CH,
conversion increased by 20% in the presence of O, plasma and the selectivities of acety-
lene and ethylene improved considerably over ethane when compared to the non-oxidative
coupling of CH, under similar conditions. The increase in conversion can be ascribed to
the formation of metastable oxygen under the influence of microwave plasma. The first
electronic state of atomic oxygen, O (‘D) and second electronic state of molecular oxygen,
0, (IZ) is postulated to play an integral role in the activation of methane which enhanced
its conversion to C, products. In the presence of a catalyst, the CH, conversion is increased
by 10% and acetylene selectivity is improved indicating that the catalyst promotes unsatu-
ration in this reaction [39]. Figure 4 represents the postulated mechanism behind OCM
over metal promoted ZSM-5. The excited state oxygen species formed under the influence
of plasma enhance the activation of methane. These activated methane radicals recombine
over the catalyst surface to form C=C and C=C products.

Introducing oxygen in methane dehydrogenation does reduce carbon deposition on
the catalyst surface, but the yield of C2 products decreases. Nagazoe et al. introduced a
new microwave plasma catalysis reaction scheme where the catalyst was placed next to
the plasma reaction zone. In this low-pressure system, acetylene and hydrogen were the
major products from the plasma zone. The presence of solid catalyst (Pt/Al,O5) facili-
tated the hydrogenation of the plasma zone products to yield ethylene. The percentage
of ethylene in product stream decreased as the distance (&) between the catalyst position
and plasma region increased producing a maximum yield of 78% at £=0. The catalyst
bed temperature at this point was reported 785 K [40]. High yield of ethylene can be
obtained when the catalyst is placed in the plasma region manifesting the combined
effects of plasma and catalysis.
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Fig.3 The conversion of methane is theorized to form hydrocarbon radicals which then recombine into
ethane, ethylene, and acetylene [38]
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Fig. 4 Postulated reaction mechanism in oxidative coupling of methane in plasma assisted catalysis reac-
tion. Radical formation and recombination over ZSM-5 catalyst surface. Formation of 1st electronic state
of atomic oxygen O(l D)& 2nd electronic state of molecular oxygen O, (1 );) due to microwave plasma [39]

It is evident that coking in microwave enhanced plasma systems immediately deacti-
vates the catalyst surface. But the alternative solutions such as introducing oxygen into the
system, delays coking and improves product selectivity.

Steam reforming of methane contributes to almost half of the total hydrogen production
worldwide [41]. However, this multistep reaction requires high temperature and pressure
to enhance hydrogen yield producing carbon dioxide, a major greenhouse gas [42]. Micro-
wave plasma-enhanced catalytic steam reformation of methane can be a better alternative.

Wang et al. performed a single-stage steam reformation of methane in a micro-
wave plasma reactor under atmospheric pressure. The authors observed a high selectiv-
ity (95.2%) for hydrogen and maximum methane conversion at 91.6%. Ni/Al,O5 catalyst
placed at the discharge zone was rapidly deactivated due to nano-carbon deposition on its
surface. At higher H,O/CH, molar ratios, the selectivity of carbon and byproducts such
as C,H, decreased. The specific energy consumption (SEC) is defined as the energy con-
sumed in electron volt (eV) per molecule of H, formed. A maximum SEC of 13.8 eV/
molecule-H, was observed for H,O/CH, ratio 1.0 [43]. Utilizing optical emission spec-
trometer, an in situ analysis tool helped identify activated species in the discharge region.
Although the role of catalyst in this reaction could not be ascertained due to rapid coking,
the low energy efficiency could be due to the high electrical power consumption in generat-
ing plasma.

Microwave Plasma-Enhanced Catalytic Dehydroaromatization of Methane

Methane dehydroaromatization (DHA) is beneficial in effective utilization of natural gas
by producing important aromatics such as benzene and toluene [45]. Direct conversion
of methane to aromatics in the absence of oxygen is thermodynamically unfavorable at
temperatures lower than 500 °C and the equilibrium CH, conversion is only about 12%
at 700 °C [46]. Microwave enhanced plasma can be beneficial in improving selectivity
and conversion in methane DHA. Heintze and Magureanu reported a 5.25% yield of ben-
zene (C4Hg) by using a nickel-carbon fiber catalyst, which was higher than a 0.9% yield
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by traditional molybdenum zeolite catalyst loaded in a fixed bed reactor. The selectivity of
acetylene (C,H,) was highest (>40%) for the maximum methane conversion (70%). As the
reaction progressed, coking reduced the selectivity of C,H, while that of CiH increased
and reached to a maximum of 30%. The coke possibly catalyzed CH, dehydrogenation and
its subsequent aromatization [44]. The role of microwave plasma in overcoming thermody-
namic limitations remain unclear due to the missing temperature analysis of the reaction.

In conclusion, methane conversion to C2 products, hydrogen and aromatics in micro-
wave enhanced plasma catalytic reactions are certainly advantageous over conventional
methods in terms of feed conversion and product selectivities. However, catalyst coking
and high power usage remain major drawbacks of this technology. Table 1 categorize
and compares all the methane utilization reactions presented in Sect. 3 based on products
formed, conversion rate, energy efficiency, and major contribution.

Microwave Plasma-Enhanced Catalysis in Carbon Dioxide (CO,)
Utilization

Carbon dioxide emitted from fossil fuel combustion and other industrial processes make
a 65% contribution to global greenhouse gas emission [47]. This adverse environmental
effect has fueled technology to utilize carbon dioxide gas and minimize its release to the
atmosphere. It is captured, separated, sequestrated [48] and converted to useful products
such as organic compounds [49] and hydrocarbon fuels [50].

CO, is a highly stable molecule and requires high temperature and pressure conditions
to break down in most processes. Nonthermal plasma technology is known to provide the
required dissociation and ionization energy for CO, splitting at nominal gas temperatures
and moderate pressure [51]. Since the decomposition of CO, into CO & O, in a non-equi-
librium plasma occurs due to vibrational excitation of gas molecules, it is necessary to
measure the energy efficiency of these processes. Interestingly, microwave plasma is shown
to have the highest energy efficiency at medium pressure (50-200 Torr) conditions [52].
The presence of catalyst in non-thermal plasma reactions improves selectivity and reac-
tion rates while providing the energy needed for endothermic bond dissociation of carbon
dioxide [53]. The subsequent paragraph compares the effectiveness of microwave plasma-
enhanced catalytic decomposition of CO, in terms of catalyst activity, energy efficiency,
conversion, and product selectivity.

Spencer and Gallimore investigated the efficiency in conversion of carbon dioxide to
carbon monoxide (CO) and oxygen (O,) in a microwave plasma-enhanced catalytic reactor.
Energy efficiency was defined as the ratio of the theoretical enthalpy of dissociation (2.9 eV/
molecule) to the actual energy consumption of producing one CO molecule in the plasma.
The actual energy consumption to produce CO was calculated by the ratio of specific energy
input to the output mass flow rate of CO. Specific energy input was defined as the ratio of
power consumed to CO, mass flow rate into the reactor system. Based on these definitions,
energy efficiency in the plasma catalyst system was always lower than the pure plasma sys-
tem. While a trade-off between energy efficiency (20%) and conversion (45%) was estab-
lished in pure plasma reactor, the plasma catalyst system could not offer any advantages
to the reaction [54]. Perhaps, Rh/TiO, catalyst was promoting reverse reactions leading to
more unconverted CO, in reactor outlet. Chen et al., using the same definition of energy
efficiency, achieved better results by decomposing carbon dioxide over NiO supported TiO,
catalyst in a pulsed surface-wave microwave plasma. The catalyst, when calcined in the
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microwave plasma with CO, and Argon (Ar), showed a significant increase in surface area.
Raman spectroscopic analysis indicated the presence of a higher concentration of oxygen
vacancies for Ar-plasma treated NiO/TiO, catalyst and showed no carbon deposition. CO,
conversion (42%) and energy efficiency (17.2%) was highest for the catalyst pretreated in
Ar- plasma. The plasma treatment created oxygen deficiency on catalyst surface enhancing
the photocatalytic dissociation of CO, [55]. The improvement in energy efficiency can be
accredited to catalyst pretreatment in plasma. Comparison based on conversion, energy effi-
ciency and major highlight of above two research works is shown in Table 2.

CO, splitting in microwave plasmas has the best energy efficiencies in low and medium
pressure conditions [56, 57]. Additionally, microwave plasma-enhanced catalytic decom-
position of CO, has lower energy efficiency than non-catalytic systems [58—60]. Since
atmospheric pressure conditions are most favorable to catalytic systems, it is necessary to
investigate the factors behind low energy efficiency in microwave plasma-enhanced cata-
lytic decomposition of CO,. There may be two main factors at play. First, low and medium
pressure conditions employed in non-catalytic reactions increase CO, dissociation improv-
ing the energy efficiency. Second, the presence of a catalyst in the atmospheric pressure
conditions may favor the recombination of CO and O, decreasing CO, conversion [61].

An efficient carbon-dioxide utilization can improve process economy by making value-
added product from CO, at competitive cost. In recent years, non-thermal plasma technol-
ogy especially microwave has shown a growing interest in CO, utilization. While energy
efficiency seems to be the main bottleneck of this technology, innovations in catalyst
design and the optimal trade-off between power consumption and gas conversion may help
overcome the current challenge.

Microwave Plasma-Enhanced Catalytic Reactions in Ammonia (NH,)
Synthesis

Ammonia is widely used in manufacturing nitrogen-based fertilizers and value-added
chemicals. The Haber—Bosch process is the only commercial large-scale production of
NH; [62]. It has high temperature and pressure requirements leading to severe energy con-
sumption and CO, emissions. Non-thermal plasma catalysis, as an alternative to the con-
ventional process, offers several advantages. Nitrogen (N,) chemisorption on the catalyst
surface is a crucial step in the catalytic synthesis of ammonia. This process is enhanced
substantially when N, is atomized by using non-conventional energy sources such as non-
thermal plasma [63]. Additionally, the interaction of highly energetic ions and electrons on
the catalyst surface significantly improves reaction kinetics enabling ammonia synthesis at

Table 2 Effect of catalyst in CO, conversion enhanced by microwave plasma

Products Catalysts Conversion (%) Energy Highlight
efficiency
(%)
CO and O, Rhodium 10 20 Presence of catalyst decreases energy
efficiency
CO and O, NiO supported TiO, 42 17.2 Catalyst calcined in microwave-induced

Ar plasma showed a significant
increase in the surface area contribut-
ing to a higher conversion rate
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normal temperature and pressure [64]. This section summarizes articles that demonstrate
ammonia production in microwave plasma-enhanced catalytic systems, highlighting the
major contributions and hurdles in achieving better energy efficiency.

The earliest investigation on the catalytic synthesis of NH; under microwave plasma
reported a detailed study on synergetic effects of driving frequency and catalysts. Micro-
wave plasma had 50% more NHj; yield than radio frequency (RF) plasma under similar
conditions suggesting the presence of the higher number of free NH radicals in micro-
wave plasma. Placement of iron (Fe) wires in plasma downstream doubled NH; yield
indicating the significant role of catalyst in adsorption of NH radicals [65]. The most
recent work on NH; synthesis from CH, to N, by our group raise important questions on
the role of microwave irradiation and microwave plasma in catalytic reactions.

As shown in Fig. 5, the highest (80%) CH, conversion was observed under micro-
wave plasma on a Co/yAl,Oj; catalyst. This conversion was similar to the reaction car-
ried under microwave irradiation over Fe promoted Co/yAl,O;. The NH; yield was
around 37% more in case of microwave heated catalytic reaction over Fe promoted Co/
yAl,O5. The results indicate that microwave irradiation without plasma can be as ben-
eficial as microwave enhanced plasma in improving conversion and product yield in a
catalytic reaction. Additionally, the presence of Fe led to carbon nanotubes formation on
catalyst surface, a value-added by-product [66].

Although there are a good number of research on the catalytic synthesis of NH; utilizing
many forms of plasma sources, such as micro gap discharges [67], and dielectric barrier dis-
charges [68—70], NH; synthesis using microwave enhanced-plasmas is an area less inves-
tigated. Despite the advantages such as improved NH; yield, microwave plasma-enhanced
and microwave heated catalytic synthesis of ammonia have high energy requirements. To
develop this process, efforts must be made to understand the synergy between plasma and
catalyst. A comprehensive analysis of reaction kinetics through extensive experimentations,
modeling and process optimization may improve the energy consumptions.

Reaction Mechanism

Despite all the extensive research on microwave enhanced plasma catalytic reactions,
barriers such as high energy consumption and rapid coking prevent its full scale com-
mercialization. The key to transforming a laboratory scale reaction to a large-scale
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industrial process is to make their establishment economical. Understanding the fac-
tors that impact engineering scalability becomes important. To achieve that, we need
to have a comprehensive knowledge of the interaction between the catalyst and reac-
tants in the presence of microwave plasma. It is important to note that the studies on
catalyst effect in microwave plasma reactors are few due to limitations of in situ instru-
mentations. However, there are substantial investigations on reaction pathways under
microwave enhanced plasma (non-catalytic) and microwave heated catalytic systems. To
understand the complex interactions of reactive gases with catalysts under microwave
plasma, it is advisable, to begin with comprehending the catalyst surface activation
under microwaves without plasma, then the role of microwave plasma alone and finally,
understanding the synergy between catalyst and microwave plasma. Hence, the reaction
systems are categorized into microwave heated catalytic, microwave plasma, and micro-
wave plasma-enhanced catalytic systems.

Microwave Heated Catalytic Systems

Microwave is electromagnetic radiation in the frequency range of 0.3—-300 GHz. The heat-
ing of materials under microwave irradiation is a combination of three phenomena: (1)
conduction loss, (2) dielectric, (3) magnetic loss. Conduction loss heating usually occurs
by thermal activation of electrons and enhanced by the presence of defects in solid materi-
als. Dielectric heating is caused by a change in direction of molecules’ electric dipole by
the microwave’s electric field and applies only to polar compounds. Solid materials such as
transition metal oxides that possess magnetic properties exhibit magnetic loss heating.

Heterogeneous catalysts exhibit a complex microwave absorption process originating
from dielectric losses which lead to surface heating. The loss mechanisms can be described
by two processes: dipolar or Debye loss and charge carrier processes. Dipole moment on
a catalyst surface or in bulk material may originate due to vacancies and defects in the
crystalline structure. The frictional interaction of the rotational motion of the dipole with
the oscillation of microwave irradiation cause dipole losses [71]. Since the dipole may be
localized, selective heating around the dipole occurs on the solid surface. Charge carrier
process occurs either by conduction loss or space charge recombination.

Free electrons within the solid material oscillate with applied electromagnetic field cre-
ating an alternating current. The inherent resistance of the material to this current creates
conduction loss which eventually heats the material. The electric field of the microwave
also creates charge separation within the catalyst due to the movement of electrons and
ions. The separated charges have the tendency to recombine against material resistances
and other barriers. Charge recombination or relaxation is out of phase with the applied
field causing energy loss and subsequent heating of the catalyst. The space charge recom-
bination and dipolar or Debye loss on heterogeneous catalyst surface are explained graphi-
cally in Fig. 6 [72].

In addition to dielectric heating, the catalyst can be designed to interact with the micro-
wave through other mechanisms. For example, metal dopants, like iron, can be added to
catalytic sites. These ferromagnetic species can couple with the magnetic component of the
microwave field, putting additional energy into the reaction [73].

Our research group has been exploring microwave catalysis in natural gas conversion. In
our recent publication, ethane conversion was the highest under ambient pressure and rela-
tively low temperature when compared to conventional heating. Table 3 compares ethane
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Fig.6 Space-charge and Debye or dipolar loss mechanisms for microwaves interacting with a catalyst sur-
face for selective heating & bond activation of reactant molecules [72]

conversion in a microwave (MW) heated reaction to a fixed bead reactor heated conven-
tionally over various catalysts [74].

The most accepted explanation behind the significant improvement in microwave heated
catalytic reactions compared to conventionally heated systems is the hot-spot formation
due to the microwave thermal effects. In such reactions, the reactants or products would
be susceptible to selective bond activation due to localized heating (hot spots) around the
dipoles, which in turn can enhance reaction rates. Mochizuki et al. created a carbon-filled
zeolite which enhanced catalytic dehydration of alcohols under microwave irradiation in
comparison to conventional heating. This enhancement was due to non-equilibrium local
heating of the core carbon due to the difference in dielectric losses of carbon and zeolite
[75].

However, explanation of rate enhancement due to hot spot formation is disputed. It has
been argued, specifically for steam-carbon and Boudouard reactions, that hot spot forma-
tion should promote endothermic shift, which was not observed in these reactions [72].
It has been hypothesized that microwave irradiation shifts the equilibrium position by
altering the forward and reverse reaction rates. The space charge mechanism, as discussed
before, can potentially accelerate surface reactions with gaseous intermediates pushing the
overall reaction forward. Additionally, the selective coupling of the microwave field with
polar intermediate species on the surface of the catalyst can accelerate forward reactions
[72,76].

Microwave irradiation has been shown to change path-dependent thermodynamic prop-
erties suggesting that it significantly changes reaction pathways in heterogeneous catalysis
[77, 78]. Figure 7 illustrates the reaction approach specifically for methane and ethane con-
version to aromatics, acetylene, and ethylene [74]. The postulated decrease in activation
energy can be explained by the changes in internal energy of reactant molecules absorbing
a part of microwave irradiation while the rest is used up in heating the catalytic bed [79].
Xu et al. reported that the improvement in microwave catalytic decomposition of NO to
N, and O, over conventional heating was due to the lowering of its activation energy. The
hot spot formation could not explain the improved reaction efficiency. The NO conversion
were much lower at the simulated hot spot temperatures than at the reaction temperatures
[80]. Essentially, microwave energy can be selectively delivered to the interface between
active sites and reaction intermediates without losing energy to the surrounding environ-
ment, therefore potentially improving energy efficiency.
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Fig.7 Illustration of microwave
irradiation in the conversion of
natural gas over metal-promoted
zeolite [74]

A project funded by DOE ARPA-E is underway where a scalable, cost-effective cata-
lytic process of ammonia synthesis is developed by using microwave excitation under
mild reaction conditions. In this research project, an interdisciplinary team consisting
West Virginia University, National Energy Technology Laboratory, Florida State Univer-
sity, and two industrial partners have demonstrated that ammonia synthesis can be carried
out at 200-300 °C and ambient pressure under microwave irradiation. Other than selec-
tive activation of dinitrogen to metastable radicals, the most obvious advantage that micro-
wave irradiation affords in driving a heterogeneously catalyzed reaction is the ability to
locally heat the catalytic sites. Many industrial processes utilizing heterogeneous catalysts
are high-temperature processes where both components of a reaction (i.e., catalyst and
medium) are heated to the temperature required for the reaction to occur. Results shown
in Fig. 8 shows that, using Ruthenium (Ru) catalysts, nitrogen conversion of 3.5 mol% can
be achieved under microwave irradiation. Instead of continuously supplying microwave
energy, one of the energy-saving approaches is to operate microwave catalytic reactor sys-
tem in pulsing mode. Such a pulsing configuration ensures the catalyst and reaction inter-
mediate absorb microwave energy only when it is needed. The improvement in ammonia
yield as the energy source is changed from continuous mode to pulsed mode is represented
in Fig. 8. The nitrogen and hydrogen conversion increase simultaneously. This transforma-
tional ammonia synthesis process integrates system elements of electromagnetic sensitive
catalysts and microwave reactor design. Taking advantages of microwave heating, catalytic
ammonia synthesis undergoes a new reaction pathway. The barrier for the initial dissocia-
tion of the dinitrogen is decoupled from the bonding energy of the intermediates [81].

Local hot spot formation may or may not play a role in heterogeneous catalytic reaction
acceleration, it causes a temperature gradient between the solid catalyst and gaseous reac-
tants [82]. This difference in temperature distribution can lead to unwanted homogenous
reactions in the gas phase adversely affecting the selectivity of desired products. For exam-
ple, the low selectivity of isobutene from oxidative dehydrogenation of isobutane using
CO, in a microwave heated catalytic reaction is due to homogenous gas phase reactions
that form methane, ethylene, and butane. This can be avoided by ensuring the least tem-
perature gradient between the solid catalyst and gaseous reactants [83].
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Fig.8 Microwave heated catalytic synthesis of ammonia- Effect of microwave energy source mode on
ammonia yield, nitrogen and hydrogen conversion (P=0.1 MPa, T=280 °C)

It is important to note that microwave irradiation has shown a profound impact on cata-
lyzed and non-catalyzed gas—solid reactions. In particular, it has been demonstrated that
microwave-specific effects can manifest themselves through the enhancement of reaction
rates, equilibrium shifts, and the distribution of products. Despite the obvious advantages,
commercialization of microwave heated catalytic processes would require an extensive
energy audit with a positive outcome to replace the established conventional technologies.

Microwave Plasma Systems

Microwave irradiation is a facile and efficient means of generating plasmas and has been
used for that purpose in several applications. Methane (CH,) utilization, for instance,
remains a thoroughly researched area in microwave plasma systems. Hence, understanding
the mechanism behind its decomposition can help identify decisive factors.

One of the earliest reports on CH, decomposition in cold microwave air plasma,
Oumghar et al. methodically investigated air plasma interaction with CH, molecules.
The major products were C, hydrocarbons and carbon monoxide (CO). Figure 9 shows
the active species and the products formed in different regions in the plasma reactor.
The regions are defined by the distance, d from the plasma discharge along the reactor
axis. Region 1 is at the edge of plasma discharge (d=0-2 cm). Region 2 is the onset of
post-discharge region (d =2-4 cm), and region 3 is the post-discharge region (d >4 cm).
The end products depend on the location at which methane (CH,) is introduced in the
plasma reactor. The percentage yield for acetylene (C,H,), ethylene (C,H,), and ethane
(C,Hg) are highest in region 1. C,H, diminishes in region 2 while C,H, and C,H, are
still produced in small amount. Region 3 shows the presence of carbon-monoxide (CO)
and hydrogen (H,) only. The product distribution can be explained by the active species
present in each region. Free electrons (e”) predominant in region 1 activate CH, that
leads to the formation of activated methyl CH, (x=1, 2, 3) species. C, products are a
result of radical recombination of CH, species within region 1 and 2. Atomic oxygen (O
(1,,)) and activated nitrogen species (N5), predominant in region 2 and 3, are postulated
to form CO and H, by subsequent dehydrogenation of CH O species (x=1, 2, 3) [84].
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Fig.9 Activated species and product formation in an air microwave plasma by introducing CH, are differ-
ent regions in the plasma reactor

Microwave plasma processes require careful tuning of input power to control product
distribution. For example, higher acetylene selectivity over ethane and ethylene could
only be achieved by increasing microwave power to 250 W [85]. It implies that dehydro-
genation of CH, radicals is favored over their dimerization as the input power increases.

In microwave plasma systems, it is very important to determine if the chemical reac-
tion is driven by high gas temperature or the active plasma species. In another report,
Oumghar et al. compared product distribution under a mixture of pure N, and CH,
plasma. In CH,/N, system, the plasma temperature was not more than 900 °C, implying
acetylene formation solely due to the interaction of active plasma species. The higher
acetylene selectivity over ethane and ethylene is only favored when CH, is introduced
at a distance less than 2 cm from the discharge region, highlighting the important role
of reactant feed placement in microwave plasma systems. As postulated, the excited
CH, molecules decompose into CH, radicals, C atoms, and H, gas in a set of simulta-
neous reactions. CH, radicals recombine to form C, hydrocarbons. At the same time,
free H and NH radicals combine with CH, to form HCN while N,* and N,H" species
form NH radical leading to the formation of a small amount of NH; [86]. Heintze et al.
showed that in a pulsed microwave plasma system, a high acetylene selectivity could be
achieved by creating a mix of CH, and H, plasma. Atomic hydrogen played an impor-
tant role in plasma chemistry by promoting dehydrogenation over dimerization of CH,
radicals. The longer duration of the plasma pulses increased H atom in the system pro-
moting acetylene formation over ethane and ethylene [87]. The longer pulsing mode also
increases gas temperature and hence, it was unclear whether the selectivity of acetylene
was enhanced by the rising plasma temperature or the presence of activated H-species.
In the case of ammonia synthesis from N,/H, plasma powered by microwaves, it is well
known that NH, radicals are precursors NH; formation. The NH, radicals could be pro-
duced through the combination of several activated species present in the plasma such
as N,™, H, N, and N,H™. NH; is formed by recombination of NH, radicals with H-atoms
[88, 89].

Plasma is a collection of free radicals and ions formed by activation of gas molecules.
The recombination of these activated species leads to various product distribution. Micro-
wave activated plasma, in particular, has more products than any other non-thermal plasma
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sources owing to the generation of a large number of activated species. The product selec-
tivity in a microwave plasma reaction can be controlled either by external factors such as
input power or by introducing another plasma species. More control on product selectivity
can be achieved by introducing catalysts in microwave plasma systems. The synergistic
effects of plasma and catalysis are discussed in detail in the following section.

Microwave Plasma-Enhanced Catalytic Systems

The effects of microwave plasma on catalytic reactions can be approached in two ways. The
catalyst can either be placed within the plasma or at a predefined distance from the plasma
generation region. The latter scenario becomes a two-stage reaction system. Either way,
non-thermal plasma catalytic systems is known to intensify gaseous reactions by enabling
the highly reactive species to interact with catalyst surface for better conversion, selectivity,
and energy efficiency.

One of the earliest investigations on placing a catalyst in plasma was reported by Sug-
iyama et al. In a N,/H, mix plasma, NH; could be produced by the surface adsorption of
N species which combines with H, either from gas or on the surface to form NH, spe-
cies. N, alone cannot adsorb on a catalyst surface at room temperature unless atomized
using a high energy source such as microwave [90]. This pathway is similar to microwave
plasma systems without catalysts. The additional steps such as adsorption of activated N
species accelerate the ammonia formation. This theory was supported by an independent
study where N, was shown to chemisorb on ruthenium black catalyst in a nitrogen plasma
discharge. In fact, the introduction of H, gas into the reaction lead to hydrogenation of
the adsorbed N-species to form NH,, a precursor to ammonia formation [63]. In a similar
study the yield of ammonia increased by approximately 75% in the presence of a cata-
lyst in a microwave driven N,/H, plasma [65]. In a plasma-catalyst system, plasma con-
tributes by generating highly reactive species while the catalyst brings in the complicated
surface chemistry. The interaction of microwave enhanced plasma species on the heter-
ogeneous catalyst surface can be explained by a several theories including the classical-
Langmuir—Hinshelwood mechanism. In addition to the intricacies of surface adsorption
and desorption, the free radicals in plasma not only contributes to the activation of gaseous
molecules but can also promote electron transfer on catalysts surface leading to enhanced
surface heating and reaction acceleration. The dielectric heating also plays a role depend-
ing on the catalyst material [91]. In conclusion, introducing catalyst in microwave plasma
synthesis of ammonia increase its yield by the combined effects of plasma and catalyst.

As mentioned in Sect. 6.2, microwave plasma produces a greater number of active
species. Placing a catalyst in a reaction with a higher product distribution such as C1 to
C2 reactions, can offer advantages in product selectivity. Liu et al. reported the highest
selectivity for ethylene in oxidative coupling of methane (OCM) in a cold plasma-catalytic
reaction. However, on changing the catalyst, ethane had higher selectivity over ethylene.
The catalysts acted as a source of charged species enhancing and stabilizing the plasma
state and altered the product distribution. Similar to microwave heated catalytic systems,
it is essential to distinguish between the homogenous gas phase and the heterogeneous
gas—solid reactions in a microwave plasma-enhanced catalytic system [92]. In OCM, the
homogeneous gas phase reaction in the plasma state produces an active species of oxygen
(O7) which is known to activate methane to form CH, species [93]. Indeed, the methane
conversion and product selectivities were highest in O,/CH, plasmas than CH, alone [39].
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It is apparent that, in the presence of a catalyst, microwave plasma can significantly
change reaction pathways and hence the product distribution. The role of catalyst in
improving energy efficiency in non-thermal plasma systems needs further investigation.
While the intricacies of activated species interaction with catalyst surface can be explained
with well-established theories, the practicality of the process can only be assessed by a
thorough economic analysis.

Conclusion

In this review, we have compared and critically analyzed microwave enhanced plasma reac-
tions in various chemical technologies. A separate section on reaction mechanism study
brings together various concepts that explain catalyst interactions with reactants under
microwave irradiation and microwave plasma. A summary on the commercialized micro-
wave plasma technologies is also presented.

Microwave plasma-enhanced catalytic reactions have the potential to transform some of
the conventional and widely used processes at a fundamental level. Specifically, microwave
plasma catalytic process can achieve high product selectivity and yields which eliminates
unnecessary unit operations or reduces the size of process equipment. Meanwhile, energy
efficiency can be improved due to lower temperature and lower pressure operation as com-
pared with conventional thermally heated process. These features highlight the process
intensification potential. Successful scale-up of this technology could lead to a sustainable,
cleaner and energy efficient future in chemical processing.

Microwave plasma is an established technology in some industrial scale processes
such as etching, CVD, and food packaging. However, microwave plasma-enhanced cata-
lytic technology is still at a fundamental research stage. At this stage, it has been shown to
improve catalytic reactions in terms of conversion, yield and, product distribution. Scaling
up these laboratory scale reactions is a research challenge by itself. The first requirement
in a large scale chemical production is the high energy input for a continuous plasma gen-
eration. A pilot scale gasification unit, for instance, requires two microwave generators of
75 kW power output for a throughput of 1.9 ton syngas/day [94]. Additionally, reaction
kinetic models that can encompass the complex interaction of plasma and catalysts are few.
A wide scale economic assessment that can prove the profitability of these large scale pro-
cesses is also required. A combined breakthrough in developing a microwave source with
power output greater than 100 kW and predictive reaction models for process optimization
and control are the major requirements in large scale chemical processing in microwave
plasma.
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