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1 Introduction 

In the five-year period 2008-2013, Australian bio-

solids production, derived from sewage sludge, 

increased from approximately 300,000 dry tonnes 

[1] to 360,000 dry tonnes [2]. During this time, the 

proportion of biosolids disposed of with beneficial 

use increased from 59% to 69%; however, most of 

this increase was due to the diversion of biosolids 

from landfill to land application; however, issues of 

land availability and objections of odour and 

emission of gases such as ammonia, nitrous oxide 

and methane limits large scale disposal on land [3]. 

Of the 102,000 tonnes of dry biosolids that were not 

beneficially used in 2013, 62% was produced by the 

state of Victoria, with the majority being placed into 

stockpiles. In Victoria, three million cubic metres of 

biosolids, which is equal to 10 years of current 

national production, are stockpiled [4]. Stockpiling 

is adopted to alleviate the risk of pathogenic and 

heavy metal contamination from the biosolids. Few 

conventional methods of biosolids utilisation can 

overcome these concerns.  

Pyrolysis of organic materials, including 

biosolids, yields: syngas, bio-oil, and biochar [5-7]. 

Syngas is a combustible fuel; bio-oil has several 

potential applications, depending on the chemical 

composition of the oil; and biochar has recently been 

used as a soil ameliorant in agricultural systems. 

Microwave energy offers a better alternative to 

conventional heating for pyrolysis of biosolids 

because of its speed and controllability. This paper 

explores the microwave pyrolysis of biosolids, with 

a focus on the bio-oil produced from the process.  
 

2 Method  

This study was undertaken as a set of systematic 

experiments. Because microwave processing is 

entirely dependent on the dielectric properties of the 

heated material, the first phase of the study was to 

measure and model the dielectric properties of the 

biosolids. This was followed by small scale 

experiments in a single mode chamber to properly 

understand the energy balance of the process and to 

quantify the products of the process. Finally, scale-

up is an important consideration in any microwave 

processing system, so a larger scale experiment 

involving samples of at least 2 kg was undertaken. 

Biosolids, acquired from the Euroa municipal 

waste water (sewage) treatment plant (36° 46’ S, 

145° 33’ E), with approximately 40 % moisture 

content, were collected from the sewage treatment 

plant and used as a feedstock material in this study.  

The dielectric properties of the biosolids were 

measured using an Agilent network analyser (PNA 

8357B) equipped with a dielectric probe (Agilent 

85070E Dielectric Probe kit). Dielectric loss and 

dielectric constant were measured between 1 to 

10 GHz with an interval of 100 MHz, at room 

temperature (23°C ± 2°C) for biosolids with different 

moisture content (Fig. 1). The experimental 

arrangement and results for the measurement and 

modelling of the dielectric properties of these 

biosolids is thoroughly described in Brodie, 

Destefani, Schneider, Airey and Jacob [8]. The 

dielectric properties of dry biosolids at 2.45 GHz are:  

1.6 + j0.08, which implies that they are almost 

transparent to microwave energy. Therefore, a 

susceptor material, which absorbs microwave energy 

and transfers the resulting heat to the bulk feedstock, 

must be mixed with the biosolids to achieve 

pyrolysis temperatures.  

A preliminary experiment, where 80 g samples 

of biosolids were subjected to microwave pyrolysis 

in a 1.17 litre, single mode microwave chamber, was 

used to determine the yield of pyrolysis products and 

energy balance when processed at different 

temperatures [9]. The chamber was fed from a 
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variable power, 1.2 kW microwave source, operating 

at 2.45 GHz. The pyrolysis chamber was sealed at 

the top with a flanged lid that had connections to 

allow nitrogen gas inflow and pyrolysis gas removal. 

 

Figure 1: Dielectric properties of biosolids as a function of 
frequency and moisture content in the range from 0.09 to 0.9 

solids fraction in the biosolids. 

A wave guide directional coupler was used to 

monitor microwave power flow into the single mode 

chamber. The power ratio for the coupler was 

1:107.8. During the experiment, a shielded 

thermocouple was used to measure temperature in 

the centre of the sample. The pyrolysis gases were 

removed using a vacuum pump, and the oil fraction 

was condensed using a cold-water trap. The 

experimental arrangement for this experiment is 

thoroughly described in Antunes, Schumann, Brodie, 

Jacob and Schneider [9]. Activated carbon was used 

as the susceptor in these experiments.  

The biosolids, biochar and bio-oil were 

subjected to chemical analyses to determine 

nitrogen, carbon, hydrogen, sulphur, oxygen and ash 

content for use in energy recovery calculations. The 

chemical composition of the syngas was determined 

by mass balance calculations, assuming conservation 

of these elements during the pyrolysis process. The 

following equation was used to calculate the calorific 

higher heating value (HHV) of the solid materials 

(i.e. biosolids and biochar) [10]: 

𝐻𝐻𝑉,
𝑘𝐽

𝑔𝐷𝑟𝑦𝑆𝑙𝑢𝑑𝑔𝑒
=  0.3515[𝐶%] + 1.617[𝐻%] 

 

+ 0.1232[𝑆%] − 0.1198[𝑂% + 𝑁%] 
 

           − 0.0153[𝐴%]  (1) 
 

The calorific values of the bio-oil and syngas 

were determined from the Boie equation [11]: 
 

𝐻𝐻𝑉,
𝑘𝐽

𝑔
= 0.3516 [𝐶%] + 1.16225 [𝐻%] 

 

     − 0.11090 [𝑂%] + 0.06280 [𝑁%] 
 

                  + 0.10465 [𝑆%]   (2) 
 

Larger samples of Biosolids were treated in a 6 

kW, 1 m3, multi-magnetron, multi-mode microwave 

chamber, operating at 2.45 GHz [12]. The mass of 

these samples was approximately 2500 g. The 

samples were broken up and thoroughly mixed with 

10 %, by mass, of biochar that was produced from 

earlier experiments. The biochar acted as the 

microwave susceptor for these experiments. The 

samples were placed into a 4-litre fused quartz 

crucible with a close-fitting lid to restrict exposure to 

the air. The 6 kW experimental microwave chamber 

has been thoroughly described elsewhere [12].  

A thermal camera (FLIR T640) was used to 

record the temperature of the system and the samples 

after treatment. Bio-oil condensed on the walls and 

in the drain at the centre of the 6 kW chamber’s floor. 

Samples of this oil were collected and analyzed in a 

Varian 3800 Gas Chromatograph with a 30-m long, 

0.25-mm diameter fused silica column connected to 

a Varian 1200L quadrupole Mass Spectrometer 

operated in 40-500 total ion chromatogram scan 

mode and a Varian FID. 

 

3 Results and Discussion 

It has been shown elsewhere [13] that the rate of 

temperature increase due to microwave heating can 

be described by:  
 

    124  teAtT 
 (3) 

 

Where: A is an amplitude term (°C) that 

represents more complex spatial temperature 

distributions, described in Brodie [13]; 𝛾  is the 

thermal diffusivity of the material (m2 s-1); 𝛼 is the 

microwave attention (m-1); and 𝑡 is time (s).  

This model is consistent with the temperature 

rise observed in the samples (Fig. 2). Once the set 

point was achieved, the applied microwave energy 

was adjusted to maintain a relatively constant 

temperature in the sample for a further 10 minutes. 
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The amount of non-condensable syngas was 

calculated as the difference between dry biosolids 

and the combination of the biochar and bio-oil 

recovered during the experiment. The resulting 

breakdown of pyrolysis products (Table 1) was: 

biochar (59.9 %); syngas (37.7 %); and bio-oil (2.4 

%). Percentages are expressed in relation to the mass 

of dry biosolids. 

In the 6 kW chamber, the microwave pyrolysis 

process took less than 20 minutes. The processing 

time in the 6 kW chamber is considerably faster than 

conventional slow pyrolysis, which generally takes 

several hours to complete [3]. The outer temperature 

of the quartz crucible was consistently between 300 

°C and 350 °C (Fig. 4) immediately after each 

experiment; however, the samples were consistently 

between 650 °C and 700 °C. The microwave 

chamber reached an external temperature of between 

35 °C and 40 °C. It should be noted that no insulation 

was used or required during these experiments; 

however, welding gloves were used to handle hot 

crucible after microwave pyrolysis. 

 

Figure 2: Temperature, a temperature model based on 
equation (3), power, and energy analysis of biosolids pyrolysis 

in single-mode microwave chamber 

  
Table 1: Chemical characteristics and energy values for pyrolysis products 

Product 
N C H S O Ash Yield HHV Energy Recovery 

(%) (%) (%) (%) (%) (%) (g g-1) (kJ g-1) (kJ g-1) 

Bio-oil 4.82 73.54 9.84 0.64 11.15 0.00 0.02 36.43 0.86 

Biochar 0.70 11.80 0.00 0.50 4.37 82.60 0.60 2.34 1.40 

Syngas 6.67 46.38 10.83 1.845 34.29 0.00 0.38 25.68 9.68 

Initial Biosolids 3.05 26.30 4.30 1.03 15.81 49.50 1.00 13.32 - 

 

The bio-oil, recovered from the 6 kW chamber, 

consisted of approximately 40 % phenols and 

carboxylic acids; however, a total of 45 chemical 

compounds, from various mass spectra, have been 

identified in the bio-oil. One sample’s spectrum is 

shown in Fig. 4. A full list of the chemical peaks, 

found during the study, is presented in Table 2.  

There are several peaks which could not be 

identified. It is also interesting to note the presence 

of Silicone grease in some of the oil samples. This 

was a contaminant from the microwave chamber 

itself. The number of chemicals identified in the bio-

oils produced during this experiment is fewer than 

the number identified by Dominguez, Menéndez , 

Inguanzo and Pis [14] in their study of microwave 

pyrolysis of sewage sludge; however, the 30-m long 

Gas Chromatograph column, used in this study, was 

only half the length of their column. It is anticipated 

that more longer chain chemicals may be present in 

the oil.  

Preliminary analysis revealed that roughly 40% 

of the bio-oil was composed of phenols and carboxyl 

acids. Phenol has been in production since the mid-

19th century. One of the early uses for phenol was as 

an antiseptic. Towards the end of the 19th century, 

phenol was used in the synthesis of dyes, aspirin, and 

one of the first high explosives, picric acid. As early 

as 1872, it was found that phenol could be condensed 

with aldehydes to make resinous compounds. 

Phenol-methanal (formaldehyde) resins are the basis 

of the oldest plastics, and are still used to make low 

cost thermosetting plastics such as Melamine and 

Bakelite. These resins are also used extensively as 

bonding agents in manufactured wood products, 

such as plywood and MDF. 
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(a)                                                    (b)       (c) 

Figure 3: Thermal images of (a) the quartz crucible, (b) the sample, and (c) the microwave chamber, immediately after treatment 

 

Table 2: Full chemical list from GC-MS analysis of bio-oil from pyrolysis experiments 

Chemical Name Retention Time  
(Minutes) 

Chemical Name Retention Time  
(Minutes) 

2,2-Dimethoxybutane 2.63 Unknown 21.98 

Phenol 6.35 Dodecanoic acid 23.144 

Phenol 7.325 Tritetracontance 24.183 

Phenol, 4-methyl- 7.79 Unknown 24.23 

Phenol, 4-methyl- 8.18 Cyclodecasiloxane, eicosamethyl- 25.74 

Undecane, 5,7-dimethyl- 8.69 Bis[di(trimethylsiloxy)phenylsiloxy]  

2-methylphenol 9.515 trimethylsiloxyphenylsiloxane 26.29 

3-methylphenol 9.863 Tetradecanoic acid 27.328 

4-methylphenol 10.165 Cyclononasiloxane,   

Phenol, 2,6-dimethyl- 10.306 octadecamethyl- 27.36 

Phenol, 4-ethyl- 10.38 Bis[di(trimethylsiloxy)phenylsiloxy]  

2,5-Pyrrolidinedione derivative 11.14 trimethylsiloxyphenylsiloxane 28.11 

1,4:3,6-Dianhydro-πd-  Tetracosamethyl-  

glucopyranose 11.46 cyclododecasiloxane 28.32 

2,3-dimethylphenol 12.19 Silicone grease 28.34 

Benzenepropanenitrile 12.25 Nonadecanenitrile 28.474 

2,4-dimethylphenol 12.25 Pentadecanoic acid 28.555 

2,6-dimethylphenol 12.303 Cyclodecasiloxane, eicosamethyl 28.85 

3-ethylphenol 12.639 14-methylpentadecanoic acid 28.929 

Acetoguaiacone 17.09 Unknown 29.08 

Silane, trimethylphenoxy- 17.09 Unknown 29.8 

Unknown 18.3 Hexadecanoic acid 31.169 

Octadecane 19.57 Octadecanoic acid 34.68 

Acetosyringone 20.83 Cholest-3-ene, (5.alpha)- 43.419 

Unknown 21.18 Cholest-4-ene 44.08 
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Figure 4: Example of mass spectrum from one of the bio-oil samples. 

 

4 Conclusion 

Microwave pyrolysis of stabilised sewage sludge, 

also called biosoilds, is quick, compared with 

conventional pyrolysis, and yields: biochar; bio-oil; 

and syngas. Biochar has important applications in 

agricultural production and syngas can be used as a 

fuel. The bio-oil contained at least 45 chemicals, 

with about 40 % of the oil being phenols and 

carboxyl acids. These and other chemicals that were 

recovered in the oil fraction have important 

industrial applications and economic value. 
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Abstract 

In the recent years, microwave energy has been exploited for processing of metallic materials through different heating 

based processes such as sintering, joining, cladding, casting and drilling. Metallic powders are primarily processed 

through microwave sintering; whereas, other processes are used to heat/melt/ablate desired portion of the bulk metallic 

materials. Microwave sintering is the most mature process in terms of the literature and its presence in the industry 

among these processes. The feasibilities of casting, joining and cladding processes are well documented, though they 

are yet to become popular in industrial applications as alternatives to the conventional processes. Microwave drilling 

of non-metals have been demonstrated; however, drilling of the bulk metals using microwave energy is in the 

investigation stage and needs exhaustive experimentation to get established as an advanced metal machining process. 

This letter provides an overview of microwave energy based techniques used for processing of bulk metallic materials. 

The challenges in processing these materials have been identified; processing strategies have been briefly discussed. 

Future research opportunities in microwave processing of the bulk metallic materials have been outlined. 

 

1 Introduction 

Microwave processing of the metallic materials was 

reported in the year 1999 during sintering of metal 

powders [1]. In the recent years, sintering of different 

metallic powders was demonstrated worldwide by 

many research groups [2-8]. However, bulk metallic 

materials were considered almost inappropriate for 

microwave processing due to reflection of 

microwaves from their surfaces at room temperature 

[9]. The reflected microwaves appear in the form of 

sparks at the corners of the target material and may 

cause damage to the magnetron of the applicator. 

Thus, metallic materials in the bulk form offer higher 

processing challenges than powders. The area of 

microwave processing of bulk metallic materials 

remained unexplored until 2004 and the first report 

was published in the year 2005 for melting and heat 

treatment of the bulk metals/alloys [10]. The 

principles of microwave hybrid heating were used to 

heat/melt the bulk metals inside the applicator cavity. 

Melting of different metals/alloys was also reported 

using microwave energy [11, 12], thermal 

characteristics of the metals during microwave and 

conventional melting processes were also reported 

[12]. In another work, microwave melting of the bulk 

metals was claimed to be a faster melting process as 

compared to other conventional processes [13]. 

Casting of the bulk metallic materials was also 

demonstrated by drifting the molten metal into a 

mold cavity. However, these approaches were 

mostly limited to melting of the bulk metallic 

materials; microwave casting and cast properties 

were hardly reported. Recently, a new process 

known as ‘in-situ microwave casting’ was reported 

for casting of the metallic materials using microwave 

energy at 2.45 GHz [14]. It was further reported that 

use of microwave energy during in-situ casting 

process affects cast properties significantly [14, 15]. 

Microwave melting and casting requires 

complete melting of the bulk metals; however, 

selective melting requirements in the target materials 

during approaches such as microwave joining and 

cladding offer more challenges. Microwave joining 

necessitates selective melting of the interface 

metallic powder and candidate layers of the bulk 

metals. Joining of similar and dissimilar bulk 

metals/alloys was reported using microwave energy 

with better joint properties [16-20]. Joining of steel 

pipes, which is far more challenging than solid 

materials, was also reported using microwave energy 

at 2.45 GHz [21]. Microwave cladding requires 

melting of the clad powder layer placed over the 

target bulk metal substrate. Cladding of different 

materials (metal, composites and cermets) were 

reported on stainless steel (SS) work pieces [22-27]. 
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It was reported that performance of the clad layer 

improves as structure of the clad powder approaches 

nano regime from micro size [22, 23]. Each 

technique, however has its own strength and 

limitations. It is also a fact that processes do not get 

matured in the laboratories, applications help 

identifying the weaknesses and consequently in 

improving them. Application-wise, microwave 

processing of metallic materials is still in its infancy. 

In the present work, an overview of microwave 

processing of the bulk metallic materials has been 

presented. The recent developments in the area are 

discussed. The challenges in the area have been 

identified and future research directions have been 

outlined. 

 

2 The challenges 

There are many challenges associates with 

processing of bulk metallic materials using 

microwave energy due to their unfavourable material 

properties for microwave coupling and special 

tooling requirements. Interaction of microwaves 

with the metallic materials depends upon their skin 

depth δ = 1/ (π f μ σ)0.5, where, f is the frequency of 

incident microwaves, μ is complex magnetic 

permeability and σ is electrical conductivity of the 

material. An induced electric filed is developed 

inside the metallic material during irradiation due to 

higher electrical conductivity of the metals and the 

external field gets suppressed. Thus, almost all 

incident microwaves get reflected from the metallic 

surfaces. Another material property is the ‘dielectric 

loss factor’ which contributes to microwave heating; 

it is generally negligible in the metallic materials. 

Thus, heating effect of microwaves due to electric 

field reduces in the metallic materials at room 

temperature. Microwave coupling with the metallic 

materials; however, gets enhanced as temperature of 

the target materials reaches beyond a material 

specific critical value. Therefore, hybrid heating 

technique is used to elevate the material temperature 

upto its critical temperature.  

Design of tooling for specific processing 

requirements is another challenge in microwave 

processing of the bulk metals. Selection of materials 

to be used as parts of the tooling, and optimum 

location of the tooling inside the applicator cavity for 

higher efficiency are some more issues related to the 

processing of the bulk metallic materials. In the 

subsequent section, working strategies used in the 

different processes have been discussed to overcome 

some of these challenges. 

 

3 Processing strategies 

 

Figure 1: Different processing strategies for bulk metallic materials 

Different strategies used for microwave processing 

of bulk metallic materials are shown in Fig. 1. 

Generally, hybrid heating technique is used in partial 

and full exposure mode for different processes. In 

partial mode of processing, the tooling is designed to 

allow microwave-metallic material interaction at the 
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desired locations, for example, microwave joining 

and microwave cladding processes.  

The full exposure mode is suitable for melting 

and casting of the metallic materials using 

microwave energy. Details of the tooling used in 

these processes may be found elsewhere [14, 19, 23]. 

Another strategy for processing the bulk metallic 

materials is generation of plasma using a monopole 

for subtractive process such as drilling. In this 

approach, material is exposed partially and heated 

selectively beyond the melting temperature of the 

target metal and ablation of the material takes place 

from the selected location. Consequently, machining 

of the target is possible using microwave energy.  

 

 

Figure 2: Typical results of microwave joining of Stainless Steel (SS) 316 [18] (a) scanning electron micrograph (SEM) of the joint 
(insert: typical joint), (b) micro indentation geometries in the joint, and (c) fractograph of the failed joint under tensile loading 

 

4 Notable developments 

4.1 Microwave joining 

Joining of similar and dissimilar bulk metallic pieces 

(rod, plates and pipes) using microwave energy at 

2.45 GHz has been reported mostly in the present 

decade [16-21]. Generally, the alloys with higher 

industrial importance such as mild steel, stainless 

steel, copper and Inconel were investigated. It was 

reported that the properties of the joints developed 

using microwave energy were found comparable 

with other advanced joining techniques such as laser 

welding, tungsten inert gas welding etc. [28].  

Fig. 2 illustrates developed stainless steel (SS) 

316 joint using microwave energy at 2.45 GHz and 

results of the joint characterization. A typical SS 316 

joint is shown in Fig. 2a (insert). Scanning electron 

micrograph (SEM) of the developed joint indicates 

dense structure (Fig. 2a). Fig. 2b shows the micro 

indentation characteristics of the joint. Detailed 

discussion on the tensile characteristics of the SS 

joints were presented elsewhere [18]. A mixed mode 

of fracture was reported in the joint (Fig. 2c) while 

subjected to tensile loading. Typical results of 

Inconel-SS joint developed using microwave energy 

at 2.45 GHz are shown in Fig. 3. The SEM image of 

the dense joint are shown in Fig. 3a. Micro 

indentation geometries at the dissimilar joint are 

illustrated in Fig. 3b. A typical fractured specimen 

after tensile testing (Fig. 3c) revealed that ductile-

brittle mode of fracture occurs in the joint. More 

details of tensile characteristics of the dissimilar 

joints were discussed elsewhere [20]. 

 

4.2 Microwave cladding/coating   

Cladding/coating of the different clad powders 

(metal, ceramic, cermet and composites) on the bulk 

metallic materials (mostly on SS) were reported 

using microwave energy at 2.45 GHz [22-27]. Use of 

nano size clad powders improves heating rate and 

offers better properties in the clad as compared to the 

micro size clad powders [22, 23]. A typical 

temperature profile of the nano clad powder heated 

using microwave energy at 2.45 GHz is illustrated in 

Fig. 4a. Different heating states during microwave 

nano clad formation are explained in Fig. 4b. A SEM 

image (insert Fig. 4a) of the developed nano clad 

indicates presence of finer carbide particles in the 

clad structure.  

Fig. 5 illustrates the nano and micro structured 

microwave clads. It indicates that use of nano clad 
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powder forms clustering of nano structured grains in 

the processed microwave clad; whereas, skeleton 

structured carbides were reported in the microwave 

clads developed using micro clad powders. It was 

reported that micro indentation hardness and wear 

characteristics of the nano structured clad were better 

than the micro clads [22, 25] 

 

 

Figure 3: Typical results of microwave joining of Inconel-SS [20] (a) scanning electron micrograph (SEM) of the joint, (b) micro 
indentation geometries in the joint, and (c) fractograph of the failed joint under tensile loading 

 

 

Figure 4: Development of microwave nano clad [23] (a) thermal characteristic of clad powder (inset: SEM image of the nano clad) 
and (b) mechanism of nano clad development  

4.3 Microwave casting 

Casting of metallic materials using microwave 

energy was reported through conventional and in-

situ casting approaches. In the conventional 

approach, the charge is melted using microwave 

energy and casting (pouring and solidification) is 

carried out inside a mold placed outside the 

applicator. On the other hand, melting, pouring and 

solidification of the target material are accomplished 

inside the applicator during in-situ microwave 

casting. Conventional casting limits the use of 

microwaves upto the melting stage only; whereas, 

better utilization of microwave energy is possible in 

the in-situ microwave casting [29]. Fig. 6 shows 

produced in-situ microwave casts of aluminum, 
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copper, SS 316 and Al 7039 alloy using microwave 

energy at 2.45 GHz. The time-temperature 

characteristic of the charge during microwave 

melting; different stages of the charge heating and 

conditions of the charge corresponding to the heating 

stages were reported [30]. The grains found at 

different locations of the in-situ cast cross section are 

shown in Figs. 7 a-b. Different phases and their 

distribution are also presented in Figs. 7 c-d.  

Micro indentation geometries and fractographs 

of the failed in-situ casts during the tensile loading 

are illustrated in Fig. 8. Typical micro indentation 

geometries inside the grain (Fig. 8a) and at the grain 

boundary (Fig. 8b) indicate that presence of 

intermetallic phases near grain boundaries enhances 

micro indentation hardness of the in-situ casts. 

Typical SEM micrographs of the fractured surfaces 

during the tensile test are shown in Figs. 8 c-d. The 

study revealed that fracture of cast was in mixed 

mode; tensile properties in the in-situ microwave 

cast were reported better as compared to as received 

alloy [15].  

 
 

 

Figure 5: Typical SEM images of (a) micro and (b) nano structured microwave clads [22, 25] 

 

 

Figure 6: Produced in-situ microwave casts of different metallic materials    
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Figure 7: (a-b) optical images of the in-situ cast and (c) SEM image of in-situ cast and (d) enlarged view of the eutectic phase [15] 

 

 

Figure 8: Typical results of in-situ cast of Al 7039 alloy [15] (a) micro indentation geometry inside the grain, (b) micro indentation 
geometry at the grain boundary and (c-d) fractographs of the failed in-situ casts during tensile test  

4.4 Others processes 

Microwave energy based other approaches for 

processing bulk metallic materials which are under 

development/research phase include microwave 

drilling and composite casting. Use of microwave 

energy for composite casting is under investigation. 

Microwave drilling of some non-metallic materials 

including glass, was documented and reported by a 

few research groups globally [31-34]; however, 

microwave drilling of the metallic materials is an 

unexplored area. The setups used for microwave 

drilling of thermal barrier coating (TBC) [31] and 

soda lime glass [33] and typical results obtained are 

shown in Figs. 9 a-b. The initial results obtained 

during the process on stainless steel (SS-304: 
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0.08% C, 19% Cr, 9% Ni, 2.0% Mn, <1.0% Si, bal. 

Fe) sheets (Fig. 9 c) using 2.45 GHz microwaves at 

700 W revealed feasibility of microwave drilling of 

the metallic materials. The holes were drilled using a 

domestic multi-mode microwave applicator with 

thoriated tungsten tool of 1 mm diameter in 

atmospheric conditions. The 0.6 mm thick SS-304 

sheets were drilled within the exposure range of 70-

80 s. However, a significantly large heat affected 

zone (HAZ) around the hole as seen in Fig.9 c is one 

of the major concerns. Consequently, control over 

plasma, repeatability and accuracy are some issues to 

be addressed in the near future. 

 

 

Figure 9: Setup used for microwave drilling and typical holes obtained by (a) Jerby and Thompson on ceramic (TBC) [31], (b) 
Lautre et al. on soda lime glass [33], and (c) lead author’s group on metal (0.6 mm thick SS sheet) 

 

5 Opportunities  

In the last few years, significant increase in the 

literature of microwave processing of bulk metallic 

materials has been observed. Although most of the 

microwave based material processing techniques are 

well documented and gaining fast popularity among 

the research groups worldwide, these processes are 

yet far from their industrial applications. This is due 

to the processing issues such as limitations on the 

part size, limited control over the process, 

contamination of the processed part due to tooling 

materials, constraints in inputs, unexplored process 

physics, limited mathematical analysis and 

simulation studies and safety issues in use of 

microwaves. Thus, the area offers ample research 

scope to address the processing challenges. Few 

future research directions in the area are 

a) Study of physics involved in microwave-bulk 

metal interaction 

b) Mathematical analysis of the processes  

c) Simulation studies to understand the effects of 

processing conditions  

d) Studies on energy efficiency of the processing 

techniques 

e) In-situ measurement of the thermal and 

electromagnetic properties of the bulk metallic 

materials during microwave exposure 

f) Development of customized applicators to ease 

the processing with higher flexibility in process 

control 

6 Conclusions 

Microwave energy based techniques for processing 

of the bulk metallic materials have got fast popularity 

among researchers due to time compression, green 
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energy and better properties in microwave processed 

parts as compared to conventional processes. 

Microwave joining and cladding processes are being 

investigated enthusiastically by the researchers 

globally; however, the processes are yet to be tuned 

for industrial applications as alternative of the 

conventional processes. Research data on microwave 

casting and drilling are limited and need further 

investigations to enrich the areas. Study of process 

physics, development of mathematical models and 

in-situ monitoring of material properties during 

microwave exposure will strengthen the domain 

knowledge which, in turn, will help in achieving 

better control over the processes. 
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Abstract 

The current technological trend of implementing solid-state amplifiers (SSA’s) in microwave-heating applicators is 

motivated by the SSA’s advantages over magnetrons, namely their superior tunability and controllability features. 

However, the desire for perfection may lead in some cases to too sophisticated and costly design configurations, which 

may impede the SSA-technology penetration into low-end, low-cost markets. This article presents simplified and 

potentially low-cost schemes based on the active-antenna approach, which integrates the SSA within the antenna. 

Following our previous studies of miniature solid-state microwave heaters and microwave drills, we present here 

various schemes of active microwave-heating applicators, using LDMOS transistors. The paper presents preliminary 

experimental demonstrations of conceptual active-applicator schemes, as well as potential unique capabilities (e.g. 

self-tune and self-stop features) of these schemes. 

†  A paper presented at AMPERE-2017, Delft, The Netherlands, Sept. 18-21, 2017. 

 

1 Introduction 

The present technological trend of implementing 

solid-state generators (instead of the commonly used 

magnetron tubes) for microwave heating, has already 

been proposed and studied for five decades now, 

since the late 60’s of the previous century [1-5]. 

However, in practice, the progress in the actual 

insertion of solid-state devices to replace vacuum 

tubes in microwave heating systems has been 

impeded till recently by the relatively higher costs 

and lower efficiencies of the solid-state devices, as 

compared to the mature magnetron-based systems. 

Nevertheless, ideas such as employing frequency 

agility in microwave ovens [3], hence using the 

frequency-tuning control as a means for adaptive 

matching to a varying load, were presented already 

in 1979. The concept of transistorized near-field 

radiator arrays [4] for microwave heating at 915 and 

2,450 MHz was introduced in 1986. 

Two common schemes, employing high-power 

transistors for microwave heating in amplifier and 

oscillator configurations, are illustrated in Figs. 1a, 

b. The amplifier scheme includes a controllable low-

power exciter, cascaded to a power amplifier. In the 

oscillator scheme, the amplifier is fed by a positive-

feedback loop, hence it tends to self-oscillate in 

certain conditions. The amplifier scheme is more 

common since it fully utilizes the controllability 

features of the solid-state amplifier. The 

implementation of the oscillator scheme, on the other 

hand, is cheaper and simpler than that of the 

amplifier scheme.  

 

Figure 1: Common design schemes of solid-state microwave 
heaters, in amplifier (a) and oscillator (b) configurations.  

An oscillator-type solid-state microwave 

heater [6] was demonstrated in 2006 for bio-

chemical studies (e.g. of green-fluorescence protein, 

GFP). In this operational device, shown in Fig. 2, the 

miniature applicator was embedded within the 

mailto:jerby@eng.tau.ac.il
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feedback loop itself and powered by an LDMOS 

amplifier. It was designed to resonate at a varying 

frequency while maintaining the liquid-load 

temperature in a controllable fashion. The frequency 

tuning and temperature control were achieved by 

varying the transistor’s gate and drain voltages, and 

by adjusting the cavity mirrors.  

 

Figure 2: A miniature solid-state microwave heating 
applicator6: (a) A schematic of the load incorporated in the 
feedback loop of the LDMOS amplifier, and (b) the cavity 
designed for biochemical studies (e.g. of green-fluorescence 
protein, GFP). 

In another solid-state microwave heater [7], 

presented in 2008, the LDMOS oscillator (as in Fig. 

1b) feeds an open-end applicator, which functions as 

a delicate microwave drill. The ~0.1-kW power level 

obtained was proven to be sufficient for local melting 

of materials, such as glass [8]. Further studies based 

on the solid-state microwave-drill setup included 

ignition of thermite powders [9] and 3D-Printing 

[10].  

The integration of both the load and the 

microwave generator within the microwave-heating 

applicator [6], and the desire for high level of 

integration in advanced electronic appliances, have 

led us to consider the active-antenna concept for 

heating purposes. 

Antennas are usually considered as passive 

devices, in the sense that the microwave generator is 

separated from the radiating elements; the 

microwave power is supplied to the antenna via its 

input port. As an exception, the active-antenna 

concept [11] inherently incorporates the radiating 

and the active elements into an integrated device. 

Reciprocally, a similar approach applied to the 

receiving element is known as the rectenna [12] (an 

antenna integrated with a rectifier).  

The active antenna can be regarded as a 

microwave circuit where the input port is the DC 

supply, and the output port is the radiation to free 

space, as illustrated in Fig. 3. The active antenna 

incorporates the transmitter functions, and hence it 

may exhibit advantages such as smaller dimensions, 

lower cost and better efficiency, as compared to 

modular design. The active-antenna technology is 

quite mature and is commercially available for far-

field transmit-receive applications in radar and 

communication applications. 

 

 

Figure 3: Simplified schematics of active vs. passive antenna 
configurations for far-field radiation. 
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This study imports ideas and conceptual 

schemes of the active-antenna concept, and explores 

ways to incorporate them for solid-state microwave 

heating. The main challenge here is to integrate the 

high-power solid-state module within the radiator (or 

the applicator structure) itself, so they would be 

interactively coupled with the load as the heating 

process evolves. This active-applicator approach is 

introduced here with several examples, including 

preliminary experimental and numerical feasibility 

studies. Unique features such as self-tune and self-

stop are identified and discussed, and a path for our 

future studies in this regard is drawn. 

 

2 The active-applicator concept  

The active-antenna concept can be adapted for 

microwave heating purposes, in an active-applicator 

approach. Various ways could be conceived to 

embed the load within an integrated structure of the 

radiating and active elements. In the active-radiator 

scheme, shown in Fig. 4a, the coupling between the 

two antenna ports is affected by the variation in the 

load’s dielectric properties during the heating 

process. Another scheme is the active-applicator 

shown in Fig. 4b, in which the load itself is closing 

the loop in a bi-static mode, and determines the 

oscillation conditions.  

 

Figure 4: Active-applicator schemes for microwave heating in 
(a) an active radiator (monostatic) and (b) an active applicator 
(bi-static) configurations, in both the oscillation conditions are 
affected by the load status. 

The latter scheme is more relevant for 

industrial processes in which the heated objects are 

repeatedly the same, and the process is predicable. 

The hypothesis of this study [13] is that the 

oscillation condition can be affected by the load 

status (amount, temperature, etc.) in a way that their 

mutual adaptation could be used in order to tune and 

optimize the heating process. 

 

2.1 Active-radiator implementation 

The active radiator constructed for this study consists 

of a patch array antenna inside a metallic chamber, 

fed by a 140-W LDMOS amplifier configured as 

shown in Fig. 4a. The load inside the chamber is a 

water container, as shown in Fig. 5a. A probe 

antenna situated on the same antenna board provides 

the feedback loop, hence the antenna array functions 

as both the radiating elements and the feedback 

sensor. In the experiments, the feedback signal is 

also sampled by a frequency-time domain analyzer 

(Tektronix RSA306B), hence frequency variations 

over time and the spectral power density evolutions 

are detected.  

 

 

Figure 5: (a) an example for an active-radiator scheme 
implemented by a patch array antenna inside a metallic 
chamber with water load inside. A sampling probe on the same 
antenna board closes the feedback loop as in Fig. 4a, and 
enables oscillations. A 140-W LDMOS amplifier and a 
frequency-time analyzer (Tektronix RSA 306B) are employed in 
this experiment. (b) The temperature-dependent dielectric 
permittivity of water [13].  

(a) 

(b) 
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The water load varies during the heating 

process due to the temperature dependence of its 

dielectric properties [14], as shown in Fig. 5b. 

Therefore, a variation in the oscillating frequency is 

expected due to changes in the load conditions. 

Simulation results of the cavity scattering parameters 

(using CST MW studio®) show a frequency shift as 

the temperature rises (due to the temperature 

dependence of the dielectric permittivity) as 

presented in Fig. 6a. Preliminary experimental 

results confirm the oscillating frequency shift, as 

shown in Fig. 6b, in accord with the temperature 

increase. This frequency variation inherently 

improves the matching and power transfer to the 

load, and it may also provide an indirect measure of 

the load temperature. This variation pattern offers 

possibilities for self-tune and even self-stop 

mechanism inherently incorporated in the heating 

process.  

 

2.2 Dispersion-controlled active-applicator 

The active-applicator scheme implemented in 

this experiment demonstrates the feasibility of an 

adaptive self-controlled process, using the varying 

dispersion of the load during heating. Furthermore, 

this heater operates only in the presence of sufficient 

load in it.  

The device shown in Fig. 7 was constructed as 

a modified version of the miniature solid-state heater 

[6] presented in Fig. 2. The difference here is the 

center section added to the cavity, which blocks its 

transmission when empty, as a waveguide section in 

cutoff. Therefore, the cavity functions as an adaptive 

feedback, since it varies the oscillation condition 

with respect to the loading condition. In the absence 

of load (or insufficient loading), the oscillation 

conditions are not met and no microwave power is 

generated at all. In different amounts of the liquid or 

different temperatures, the oscillation conditions 

adapt and self-tuned to the optimal frequency. 

Measurements of the active-applicator’s open-

loop gain were conducted in various conditions using 

a vector network analyzer. As shown in Figs. 8a, b, 

varying the load’s amount has revealed that the 

oscillation threshold is satisfied only when the tube 

is sufficiently filled with liquid. At smaller amounts, 

the open-loop gain is lower than the threshold. 

Figure 8c shows that the gate-source voltage of the 

LDMOS amplifier also controls the oscillation 

conditions. Referring to the load temperature, 

simulations show that the insertion loss increases and 

the frequency is shifted higher as the temperature 

rises (Fig. 10d). These results also indicate that a 

self-stop feature could be activated when the open-

loop gain is reduced below unity. 

 

 

Figure 6: (a) Simulations of the applicator’s scattering 
parameter S21 show variations with temperature; the insertion 
loss increases and the frequency peak is shifted higher as the 
temperature rises. (b) Experimental measurements during the 
temperature increase reveal the consequent oscillating 
frequency increase (c). 

In the active-applicator experiments, the 

frequency and power were acquired using a 

frequency-time analyzer (Tektronix RSA306B) by 

adding a probe to the cavity shown in Fig. 7, and 

sampling the signal evolved inside. The temperature 

was detected by a PIR detector connected to a PC. 

Preliminary experimental results presented in Fig. 9a 

show that the oscillating frequency of the active 

(a) 

(b) 

(c) 
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applicator tracks the temperature as it rises. This ~4-

MHz shift in the oscillation frequency during the 

heating is attributed to the change in the load 

dispersion within the feedback loop. The variations 

in the complex dielectric constant of the water during 

heating, as shown in Fig. 5b, modify the oscillation 

conditions, and hence the frequency shifts as shown 

in Fig. 8d.  

 

 

Figure 7: An active applicator scheme: (a) The miniature solid-
state microwave heater6 shown in Fig. 2 with additional 
metallic blocks that enforce cutoff in the absence of load in the 
cavity. (b) The dispersion-controlled feedback loop of the 
active applicator (in cutoff except for preset loading conditions 
which enable oscillations).  

 

Furthermore, when the water starts to boil, the 

effective dielectric constant of the water becomes too 

small to maintain the blocked section of the cavity 

(Fig. 7) above cutoff, and hence the feedback 

transmission drops. As demonstrated in Fig. 9b, the 

microwave power generation ceases abruptly at this 

target temperature. The dispersion-controlled 

feedback loop enables to tune the active applicator to 

self-stop in other temperatures, designed according 

to the characteristics shown in Figs. 8a-d. 

Consequently, another useful feature associated here 

is that this microwave heater only operates in the 

presence of a sufficient load inside. These inherent 

control features may require some more attention in 

the design stage, but they may significantly simplify 

the system by incorporating the sensing functions 

within the heating process itself. 

 

 

 

 

 

Figure 8: The open-loop gain S21 of the active applicator shown 
in Fig. 7, in various conditions: (a-b) The effect of the load 
volume on the open-loop gain, and the oscillation condition. 
(c) The effect of the transistor gate voltage on the open loop 
gain. (d) A simulation of the cavity insertion loss, showing that 
the loss increases and the frequency peak is shifted higher as 
the temperature rises.  
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3 Additional active-antenna schemes  

The implementation of the active-antenna concept 

for microwave heating application could be 

considered in various other ways, as demonstrated by 

the following examples taken from our ongoing 

studies.  

An integrated active-antenna was developed 

for our preliminary ink-drying experiments as a 

compact module [15] with an antenna printed on one 

side, and the LDMOS amplifier circuit (including the 

matching elements) on the other side, as shown in 

Fig. 10. This module is fed by 28V DC, and radiates 

at 2.2 GHz into a chamber. This modular approach 

preserves some of the magnetron’s advantages, such 

as the design simplicity and low cost (hence we name 

it a solid-state magnetron). 

The modular approach also motivates the rigid 

“no-PCB” design developed in our laboratory, which 

employs a suspended metallic strip-line structure for 

the transistor, as shown in Fig. 11. The wing-like 

tapers ensure the matching of the directly-mounted 

transistor to the metallic structure. Preliminary 

experiments have already shown self-oscillations of 

this device at ~2.2 GHz.  

 

 

Figure 10: An integrated active-antenna module for 
microwave heating applications: (a, b) The modular scheme 
with the radiating element incorporated in the feedback loop 
of the amplifier, and (c, d) its implementation by an LDMOS 
transistor directly mounted in the back side of a suspended 
strip-line structure with the radiating feedback on the front 
[15] 

Another study, yet in a preliminary stage, is the 

high-efficiency (H-type) active applicator, as 

conceptually illustrated in Fig. 12. In this scheme, 

the positive feedback loop maintains the oscillation 

conditions in saturation. Using a high-class amplifier 

in a nearly On-Off switched mode, the rich harmonic 

content generated is separated to various radiating 

elements, each tuned to another harmonic frequency. 

The overall efficiency of the radiated power, as well 

as the heating quality due to the multi-frequency 

radiation, could be significantly improved 

 

.   

Figure 11: A prototype of a rigid active-antenna module for 
microwave-heating applications: (a) The suspended strip-line 
(“no-PCB”) structure incorporated in a WR340 rectangular 
waveguide. (b) The wing-like tapers enabling the matching of 
the transistor directly-mounted to the metallic structure. (c) A 
~2.2 GHz microwave output detected in a preliminary 
experiment of the device. 

 

 

Figure 12: An H-type active-applicator scheme for high-
efficiency, multi-harmonic microwave-heating operation. 
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4 Conclusions 

The active-antenna concept, adapted for near-field 

microwave heating purposes, may present a 

realization of the modular integration approach in 

future developments of compact, low-cost, solid-

state microwave heating devices. The simple-to-

apply radiating module, incorporating the 

microwave generator with the antenna in a single 

integrated unit fed by a DC voltage, may preserve 

some of the magnetron’s flavor, as a stand-alone, 

rigid and low cost module.  

Furthermore, active applicators can be 

specifically tailored for heating processes in which 

the material characteristics previously known, such 

as in industrial production lines. In these cases, the 

active-applicator concept introduces additional new 

features using the previously known load dispersion 

variations. By tracking the spectral evolution and the 

load-applicator interaction during the heating 

process, one can also utilize the active applicator as 

a sensor enabling detection of the microwave-

processing status. The previously known 

(temperature-dependent) physical properties of the 

materials may also provide inherent mechanisms for 

self-tuning and self-control of the process, instead of 

using arrays of sensors and detectors in external 

feedback loops. The self-stop mechanism for 

instance, can be valuable for instance in cases where 

the microwave processing stage is incorporated in an 

automatic production line.  

The active-applicator approach could be 

further developed to high-class, high-harmonic, and 

high- for near-field radiation-beam steering. Periodic 

structures in 1, 2 or 3 D incorporated in active-

applicator arrays [16] may provide the dispersion 

sensitivity required for self-controlled operation of 

such high-power applicators. 

In conclusion, the active-applicator concept, in 

its various potential implementations, may lead to 

advanced capabilities of microwave-heating systems 

(such as self-tuning, self-optimization and 

conditional operation) as well as higher efficiency, 

compactness and modularity.  
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1 Introduction 

Microwave chemistry offers countless tools for the 

design of environmentally friendly synthetic routes. 

In the last two decades the interest on sustainable 

reactions has grown parallel to microwave assisted-

synthesis, consequently it is not surprising that green 

microwave chemistry is a nowadays a top research 

field. Microwave technology brings together several 

remarkable features including the possibility to 

obtain high yield, the flexibility in favouring 

different selectivity and, due to the basics of 

microwave heating, the chance to accomplish 

reactions that usually do not take place under 

conventional heating conditions (e.g. by selective 

heating) [1,2]. In addition, microwave chemistry can 

positively responds to different principles of green 

chemistry such as the energy efficiency (6th 

Principle), due to the low environmental heat lost 

and the high rate of reaction [3,4]. Moreover, 

microwave heating allows operating in greener 

condition in comparison to thermal heating, for 

example by diminishing unwanted side reaction or 

by operating in safer conditions or by giving high 

purity in final products (concepts strictly related to 

the 1st and the 12th Principles of Green Chemistry) 

[5]. 

Our research groups have several years of 

experience in microwave chemistry. In addition, 

since October 2016 we are part of H2020 COSMIC 

Project, which is the European Training Network for 

Continuous Sonication and Microwave Reactors 

(https://cosmic-etn.eu). Herein, we highlight some of 

our last works on sustainable microwave reactions. 

Specifically, we will give an overview of sustainable 

methods for producing photocatalytically active 

copper sulfide exploiting wasted pig bristles [6],  for 

oxidizing benzyl alcohol using iron nanoparticles 

supported on furfuryl alcohol derivatives [7], for 

producing catalytically active Ni nanoparticles [8], 

for synthesizing propargylamines by A-3 coupling 

[9-11] and for producing spirocyclic compounds in 

one pot reactions [12]. 

 

2 Advanced environmentally friendly 
microwave-assisted synthesis 

2.1 Converting pig bristles into valuable 
materials 

Every year EU slaughterhouses produce ~225k tons 

of wasted pig bristles. However, despite this 

enormous amount of waste, the research on new 

ways of valorization of pig bristles has not received 

the pulse to rise yet. In addition, the few reports 

fundable in the literature are limited to hypothetical 

valorization of pig bristles as sources of fodder food 

supplements. Recently, we have developed an 

environmentally friendly, simple and easy method 

for the valorization of pig bristles under microwave-

assisted conditions, through the production of copper 

sulfide carbon composites [6]. The so-produced 

materials showed photocatalytic properties. The 

synthesis was carried out using a multimode 

microwave reactor (Milestone Ethos D). Firstly, the 

pig bristles and the metallic precursor CuCl were 

mixed with ethylene glycol and, where appropriate, 

different amount of NaOH where added in order to 

favour the formation of Chalcocite crystals, which 

are the more photocatalitycally active form of copper 

sulfide. Secondly, the mixture was irradiated with 

microwaves at 500 W for 4’ (max temperature 

200°C). Fig. 1 shows the XRD of the produced 

materials focusing on the addition of different 

amount of NaOH. The formation of copper sulfide 

was related to the thermo-degradation of pig bristles, 

which served as sulphur and carbon sources. By 

approximate calculations, the amount of sulphur 
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contained in pig bristles can be indicated to be ca. 5 

wt%. When pig bristles started to decompose upon 

microwave irradiation, sulphur was released and 

started reacting with Cu+ ions. Copper sulfide 

particles then self-aggregated to minimize the 

surface energy, binding together with the residual 

carbon of pig bristles, as observed in SEM images. 

Copper sulphides composites showed photocatalytic 

properties for the degradation of methyl red, a 

pollutant dye, under visible LED light irradiation, 

reaching the best result of ~40% degradation in 3 

hours. 

 

 

Figure 1: XRD pattern of pig bristles-derived Cu2S produced with different amount of sodium hydroxide. 

2.2 Selectively oxidize benzyl alcohol using 
biomass-derived iron catalysts 

The selective oxidations of organic compounds are 

of huge importance in chemistry. Every day 

industries of all over the World produce tons of 

alcohols, carbonyl compounds and epoxides. 

Consequently, the development of catalytic 

methodologies for the optimization of different 

oxidation reactions is a captivating challenge. 

Specifically, the objective of the research is the 

design of new catalysts that can operate under mild 

conditions and with green oxidizing agents such as 

hydrogen peroxide or oxygen. Different metal 

complexes as well as some mixed oxides have been 

proposed as efficient heterogeneous catalysts for 

selective oxidations. In the last year, we have studied 

a new iron catalyst for the efficient microwave-

assisted oxidation of benzyl alcohol [7]. The 

preparation of the catalyst and its successive 

catalytic tests are illustrated in Figure 2. The catalyst 

was supported by a mechanochemical technique on 

a resin derived from furfuryl alcohol, which is the 

hydrogenated form of furfural, a biomass derived 

material. The oxidation reactions were accomplished 

using a monomode CEM-DISCOVER Microwave 

reactor. Benzyl alcohol (0.2 ml, 1.92 mmol) 

dissolved in acetonitrile (2 ml), was mixed with 

different amounts of hydrogen peroxide (50 w/v% 

aqueous solution, 1.5 or 2.3 eq.). The catalyst was 

sequentially added to the solution, which was heated 

with microwave irradiation at 300 W, achieving 

temperatures in the 90–132 °C range. Microwave 

reactions were performed in both open and closed 

vessel mode. The best outcome of 31% conversion 

with 78% selectivity to benzaldheyde was observed 

operating in closed vessel mode, after only 5 minutes 

of microwave irradiation. 

https://www.sciencedirect.com/topics/chemical-engineering/microwave
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Figure 2: Scheme for the preparation of iron nanocatalysts 

supported on furfuryl alcohol derived resin  

and its catalytic activity. 

2.3 Easy synthesis of catalytically active 
magnetic Ni nanoparticles  

Nanomagnetic catalysts have attracted significant 

interest due to their easy recovery and reutilization. 

Between all, nickel nanoparticles are particularly 

emerging for their characteristics of high magnetism, 

high surface area, large surface energy, good 

chemical stability, low melting point and low cost. 

Several techniques for the synthesis of nickel 

materials are reported, but only a few reports on the 

synthesis of pure Ni magnetic nanoparticles are 

available. Aiming to develop an easy and 

environmentally friendly synthesis, we have recently 

designed a new methodology for the preparation of 

pure metallic Ni nanoparticles exploiting microwave 

heating [8]. The experiments were performed using 

a monomode CEM-DISCOVER microwave. The 

synthesis was carried out employing an 

environmentally friendly mixture of ethylene glycol 

(EG) and ethanol as solvent and reducing agent, and 

NiCl2 as metal precursor. Interesting, the formation 

of the nickel nanoparticles depended on the 

concentration of NiCl2, the molar fraction of the 

ethylene glycol-ethanol solution, the irradiation time 

and the temperature. The formation of the metallic 

precipitate was observed at a concentration of Ni2+ 

ions up to 0.182 mol/l and an EG molar fraction 

between 0.85 and 0.97. Best results (up to 71% yield) 

were obtained at 250°C with an irradiation time of 5 

minutes. As schematized in Fig.3, the reduction of 

Ni2+ was attributed to the action of EG as a reducing 

agent, while ethanol was increasing the penetration 

depth of the MWs irradiation and lowering the 

bubble point of the mixture. Without the addition of 

ethanol, the production of nickel nanoparticles 

would have requested hardly condition to occur. This 

was confirmed by successfully substituting ethanol 

with water and isopropanol. The nanoparticles 

showed good activity in the hydrogenolysis of 

benzyl phenyl ether, a lignin model compounds. The 

experiments were run in a monomode microwave 

CEM-Discover reactor at 230°C, employing 

isopropanol as green solvent and H donor. Results 

showed a maximum conversion of 24%, and 

reusability up to 5 cycles without sensible loss of 

activity. 

 

 

Figure 3: Reaction scheme of the reduction of Nickel via the microwave-assisted synthesis. 
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2.4 Expeditious synthesis of biologically active 
propargylamines 

Propargylamines are gaining attention in organic 

synthesis due to their usefulness as precursors for the 

synthesis of N-heterocyclic molecules. In addition, 

they are a key intermediate for the construction of 

many biologically active compounds such as 

isosters, beta-lactams and some other therapeutic 

drugs.  Microwave-assisted A-3 coupling of amines, 

isocianates and aldheyde is widely used to achieve 

diverse type of propargylamines. Before the 

development of metal catalysed A-3 coupling, 

propargylamines were synthesize by the aid of strong 

bases, such as butyl lithium, organomagnesium 

reagents or lithium diisopropylamide (LDA), using 

the relatively high acidity of the terminal acetylene 

to form alkynyl metal compounds. The 

stoichiometric quantities of the reagents required, as 

well as their high sensitivity to moisture and they 

high toxicity, made these processes unattractive. 

During recent years, several transition metal 

catalysts have been reported to be activator of the C-

H bond of terminal alkynes. Transition metal, such 

as AuI, CuI and AgI in ionic liquid and supported 

nano-metal catalyst, were successfully used to 

catalyse A-3 coupling. However, A-3 coupling 

reactions have been mainly applied to aniline and 

secondary amine, limiting the production to tertiary 

propargylamines. Aiming to overpassing this limit, 

our group developed a new, fast and efficient 

synthesis of secondary propargylamines under 

microwave irradiation, using with copper(I) salt as a 

catalyst (Fig.4) [9]. The reaction was carried out in a 

CEM-Discover monomode microwave under 

different conditions.  
 

 

Figure 4: Proposed mechanism of A-3 coupling. 

We achieved the highest yield employing CuBr 

as catalysts and operating at 100 °C (80W of 

microwave power) in toluene. Different primary 

amine, aldehyde and alkyne were combined to 

produce the products under optimized condition, 

achievieng the preparation of a large library of 

compounds. Furthermore, we developed the 

solventless scope of microwave assisted A-3 

coupling by using ketone as a coupling partner. This 

was the first report in which a ketone was used 

instead of aldehyde [10]. In that case, CuI was 

working better than CuBr. Various ketones were 

employed in combination with different primary 

amines and alkynes, allowing the preparation of 

diverse libraries of propargylamine. More recently, 

our group reported the microwave assisted A-3 
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coupling in water, using a combination of Cu(I) and 

Cu(II) salt [11]. The role of the copper (II) was not 

truly accountable but it may acted as a Lewis acid, 

promoting the immine formation as well as the 

subsequent attack. Due to the efficient dielectric 

heating of microwave, we achieved high conversion 

within 25 min. 

 

2.5 One pot microwave assisted synthesis of 
Spirocyclic compounds 

Spirocyclic compounds have attracted lot of interest 

due to their resemblance to some biologically active 

natural compounds, such as the spiroindolines, 

which have antitumor activity. In the last 20 years, 

pharmacautical industries have been looking for 

efficient and green methodologies to synthesize 

these compounds reducing costs and wastes. In 

recent times, post-Ugi-gold catalyse hetero-

annulation has been studied as promising path to 

produce spirocyclic compounds in one step. Based 

on our experience in post-Ugi transformations, we 

reported the microwave-assisted cycloisomerization 

of indole based propargylamide using 

mechanochemically synthesized gold and silver 

catalyst supported on zeolites (SBA15 and Al-

SBA15) [12]. Between all the tested catalysts, 

Au@AlSBA-15 emerged for its high activity. In the 

optimized conditions, we were able to achieve 96% 

yield within 20 minutes, employing 200W 

microwave irradiation. As a comparison, the same 

results were obtained in 3 hours under conventional 

heating conditions (oil bath). To further improve the 

efficacy of the procedure, we reported the one pot 

cascade synthesis of diazepino[1,2-b]indazole. We 

were able to introduce from three to four points 

diversity, producing more than 25 spirocyclic 

compounds (Fig.5). Remarkably, Au@AlSBA-15 

catalyst was stable under reaction condition (no 

leaching) and successfully yielded product with 

minimum turn over number of 2599.  

 

  

Figure 5: Some examples of cycloisomerization products.  

3 Conclusion 

These works on sustainable microwave assisted 

synthesis are just some examples of the potentiality 

of microwave chemistry for a green development. 

The examples describe several procedures in which 

the microwave technique allowed a considerable 

reduction of time, the utilization of water instead of 

organic solvents, and the selective oxidation to 

desired products. Despite the design of a whole-
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green microwave assisted reaction is still an 

ambitious challenge, these examples are proves that 

there are several possible ways to positively 

complete it. 
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1 Introduction 

Application of Microwaves (MW) to chemistry 

started more than 20 years ago, and more than 5,000 

articles have been published worldwide. They 

pointed out MW chemistry has great merits such as 

lowering the reaction temperature, drastic reduction 

of the reaction time and so on. But MW chemistry 

used in production processes has been limited, 

because of the limited penetration depth, poor 

controllability, poor reproducibility and other factors 

Recently due to the progress of the 

telecommunication industry, it becomes realistic to 

apply solid state MW amplifier to chemical 

equipment, because the output power has steadily 

been increasing and has reached 250W or more. 

Pacific Microwave Technologies (PMT) has 

been developing apparatus to make it possible to use 

MW for production process of chemicals by 

integrating power electronic devices and resonant 

cavity technology, which is leading to the possibility 

of large volume production, new chemical reaction 

spaces and unprecedented reactions by MW. 

In this article, we report the details of the MW 

flow reactor apparatus developed and the possibility 

to apply this new technology to various chemical 

reactions. 

 

2 Details of the MW flow reactor system 

2.1 Basic structure of the MW flow reactor 
system  

The MW flow reactor system shown in Fig. 1 is 

composed of an oscillation & irradiation unit 

(center), a controller unit (left) and a pumping unit 

(right). Controller unit is connected with PC. 

 

Figure 1: MW Flow Reactor 

2.2 Oscillation & irradiation unit 

The oscillation & irradiation unit is composed of 

mainly MW generator shown in Fig. 2 and 

irradiation cavity. As shown in Fig. 3, Voltage 

Controlled Oscillator (VCO), Variable Attenuator 

(VAT) and High Power Amplifier (HPA) are the key 

devices composing the generator. The MW power is 

irradiated into the cavity via a coaxial cable, a coax 

waveguide converter and a waveguide. 

 

 

Figure 2: MW generator 

Three types of MW generators are developed, 

50W, 100W and 250W respectively for 2.45GHz 

frequency range. The MW power from the 

waveguide enters the cavity through a matching iris, 

http://www.pacificmicrowave.com/
mailto:hodajima@pacificmicrowave.com
mailto:tokamoto@pacificmicrowave.com
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where it generates the TM110 mode of MW field in 

the quadrangular shape cavity. 

 

 

Figure 3: MW Generator & Cavity 

2.3 Reactor 

The MW flow reactor system has a structure to be 

able to insert the reactor tube made of glass as shown 

in Fig. 4 from the top of the quadrangular cavity 

along with the axis of the cavity. The reactor has a 

helical structure, as to generate the appropriate 

resonant mode within the cavity. 

 

 
Figure 4: Reactor 

 

The top end and bottom end of the reactor glass 

tubes are welded with metal tubes, to ensure 

reliability under high pressure conditions which may 

exceed 5 MPa. The reagent flows in from the bottom 

of the reactor tube and exits from the top. A 

thermocouple is inserted at the top of the tube which 

measures the temperature of the reagent as it flows 

out of the resonant cavity. 

The reactor tube is made of borosilicate glass, 

typically having an OD of 6mm and an ID of 3.6mm. 

The capacity of a typical reactor is 3ml for a 100mm 

height cavity, and 6ml for a 200mm height cavity. To 

meet specific requirements of chemical reactions, 

smaller as well as larger capacity reactors are readily 

available. 

 

2.4 Control unit and PC 

The dielectric properties inside the cavity change 

depending on the kind of reagent, and   temperature 

of the reagent. The frequency at resonance (fr) differs 

with the above factors. By using a magnetron it is 

almost impossible to change its oscillating 

frequency. But by the use of solid state oscillator, it 

is possible to change oscillating the frequency within 

a very broad, covering the ISM 2.4-2.5 GHz 

frequency range. 

By installing an antenna within the cavity, fr 

can be rapidly set by sweeping the frequency and 

detecting the E-field strength in the cavity along with 

the sweep. Then the oscillating frequency is always 

kept at fr by applying such a frequency tuning at 

every several seconds. 

Reaction conditions, such as MW power, flow 

rates of pumps and so on, are entered from the PC 

connected via a USB with the controller unit. 

Reaction status, such as forward and reflected MW 

power, fr, pressure, etc., are shown up in the monitor 

of the PC, and automatically recorded in the PC. 

As the system accelerates chemical reaction 

under extremely high temperature and high pressure 

conditions, safety measures are introduced. When 

the device detects an irregular condition, the system 

cuts off the MW power and the flow of the reagent 

stops within seconds. 

 

2.5 Pumping unit 

The pumping unit is composed mainly of 2 units of 

High Performance Liquid Chromatography (HPLC) 

pump and Back Pressure Regulator (BPR). There are 

several types of pumps available to install, from 

about 10ml/min to a maximum of 100ml/min. 

Reagent is pressurized when flowing from the pump 

through BPR, up to 2.5MPa as specification. 2 units 

of pressure gauges are equipped in between pump 

and BPR, before and after the reactor tube, 

monitoring continuously the pressure and change of 

the pressure. 
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3 Resonant cavity 

The resonant cavity focuses the MW energy within 

the reagent flowing through the tube. The operation 

of the resonant cavity depends crucially on the value 

of the Q-factor. If the Q value is too low, the effect 

of resonant operation becomes poor. On the other 

hand if Q value is extremely high, it becomes 

possible to apply very high E-field to the material to 

be heated, however, it becomes difficult to control. 

Once fr deviates from its prescribed value, the E-field 

drops considerably and the reflected power from the 

cavity increases. 

The Q value of the resonance depends not only 

on the dielectric property of the reagent, but also on 

the shape & volume of the reactor, the temperature 

of the reagent to be heated up, and so on. Taking into 

consideration all the above factors we have 

established that Q values in the range 20 and 200 

gives good operational performance. Furthermore, 

the MW Flow Reactor System has the constraint to 

keep the oscillating frequency within the ISM band. 

TM110 mode cavity has an E-field distribution 

of half of Sine wave for x and y axis, and constant 

for z-axis. Such E-field distribution, establishes a 

very high E-field in the central axis of the TM110 

cavity 

 

4 3D EMF simulation 

Taking various factors into consideration, designing 

by trial and error such an irradiation unit and reactor 

system was considered not an efficient manner. 

Therefore computer simulation was considered the 

only way forward. 

 

Figure 5: 3D EMF Simulation 

By developing a three dimensional Electro-

Magnetic Field (3D EMF) simulation software with 

various data as library, it becomes possible to make 

simulation of one design condition without much 

effort. Output from the 3D EMF simulation software 

is shown in Fig. 5. 

By using this simulation software, recording 

various data such as cavity size, reactor size, 

dielectric property data on various reagents as 

library, without designing and making cavity and/or 

reactor, it becomes possible to identify fr, heating 

property, Q value. 

 

5 Peak finder 

It was almost impossible to identify whether the 

frequency is at fr and it is within the ISM band 

without using expensive equipment such as a 

network analyzer. For chemists, it is not easy to use 

a network analyzer, monitoring continuously the 

status of resonance of MW reactor  

To give a solution to such a problem, PMT 

developed application software system named “Peak 

Finder” which is simpler than using a network 

analyzer. 

Before starting the operation of chemical 

reaction, run “Peak Finder” software, then the 

software instructs the user, whether fr lies within the 

ISM band or not, and the Q value based on the 

combination of reactor and reagent as shown in 

Fig. 6. By running this software user can select 

suitable reactor, suitable reagent to meet the resonant 

cavity to use. 

 

 

Figure 6: Peak Finder 
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In addition to the function, “Peak Finder” 

proved more valuable as shown in Fig. 7, since it can 

measure the changes of the dielectric properties 

along with temperature increase. 

 

 

Figure 7: MW Absorption change on Temp. 

 

6 Basic performance, heating various solvents 

Table 1 shows the result of heating various solvents 

by using the 200W MW Flow Reactor System with 

flow rate of 20ml/min. By having BPR and high E-

field of resonant cavity, solvents are easily heated up 

to near the boiling point temperature under 2.5MPa 

pressure conditions. The temperatures are extremely 

higher temperatures than the boiling temperatures 

under atmospheric pressure conditions. 

 
Table 1: Heating of Various Solvents 

 

 

 

 

 

7 Technical feasibility applying to new reaction 
spaces 

7.1 Applications to low yield, time consuming 
reactions 

Fischer Indole reaction shown in Fig. 8. Indole is 

contained in more than 400 drugs which is a typical 

model reaction tested in MW-assisted synthesis.  In 

this reaction, one needs to finish the multi-step 

reactions in a short time. To do so, Hamashima group 

of Univ. of Shizuoka expected that the substrate and 

intermediate with polar functionality absorb MW 

efficiently, so that the reaction could be accelerated. 

 

 

Figure 8: Fischer Indole Reaction 

To find optimum reaction conditions, the group 

screened the flow rate and irradiation power 

carefully by using a real time Flow IR monitoring.  

As a result, the group found the optimum flow 

rate and irradiation power and reported that it 

achieved indole at 3kg/day.  

Diels-Alder reaction shown in Fig. 9. In a usual 

batch reaction, retro-Diels-Alder reaction is a major 

problem, so the reaction should be carried out 

carefully at less than 110 degree C and a long 

reaction time is required to obtain the satisfactory 

yield. 

Hamashima group of Univ. of Shizuoka 

assumed that high yield can be achieved as result of 

rapid heating followed by rapid cooling of the flow 

within the MW system.  As assumed, MW 

accelerated the reaction, and high chemical yield was 

achieved under the optimized conditions. Thus, 

Solvent 

Temperature 

@ exit (°C)

Boiling point  

@ 1.0 atm (°C)

n-Hexane

Cyclopentyl methyl ether

MeOH

EtOH

n-PrOH

AcOH

CH3CN

N,N-Dimethylformamide

N,N-Dimethylacetamide

Dimethyl sulfoxide

100

148

178

185

198

200

206

220

225

>250

69

106

65

79

97

118

82

153

165

189

200 W, 20 mL/min, BPR 2.5 MPa

2.0 M in AcOH

2.2 M in CH3CN

Microwave

160 W

21 sec.

2.5 MPa

Temp. @ exit : 240 °C

7.5 mL/min

7.5 mL/min

200 W apparatus

O

NH NH2

N
H

79%

2.1 g/min

126 g/h

Continuous running for 1 h

3 kg/day

single -pass

BPR 
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acetylene-dicarboxylate was consumed within only 

1.2 minutes to afford the product in 76% isolated 

yield. 

In principle, the product can be synthesized to 

more than 1 kg scale in a day. 

 

 

Figure 9: Diels Alder Reaction 

 

7.2 Possibility of volume production, Acylation 

Productivity is considered one of the most important 

aspects within the specialty chemical industry. By 

applying MW Flow Reactor System to Acylation 

process of various alcohols shown in Fig. 10, Mase 

group of Shizuoka Univ. reported that it becomes 

possible to manufacture 6kg/day of Acylated 

chemicals by a small enough system easily installed 

in a fume hood. 

 

 

 

Figure 10: Acylation of various alcohol 

7.3 Heating up of non-polar solvent 

It has been understood that it is not possible to heat 

up a non-polar solvent by MW. However, a 3D EMF 

simulation reveals that it is possible to heat up 

toluene under the conditions of MW power 250W, 

200mm cavity which given the extremely high level 

of E-field of over 40kV/m generated within the 

cavity.  

Based on this result of simulation, tested and 

confirmed that it is really possible to heat up Toluene 

higher than the temperature of 200 degree C. 

 

7.4 Selective heating of substrate chemicals 
using non polar solvent 

Based on the result of the above tests, various 

reaction experiments using non polar solvents have 

already started. The experiments currently under 

way are as follows:  

 Claisen rearrangement 

 Synthesizing Fullerene derivatives  

 

7.5 Concerted reaction with fixed bed catalyst 
and MW 

Catalytic reactions are considered very important for 

specialty chemicals. Currently such reactions are 

done by batch systems having catalyst 

homogeneously mixed with reagents. This process 

requires the process to separate the catalyst from the 

reagent after the reaction process, which needs 

additional equipment, time and increases 

manufacturing cost. 

 

 

Figure 11: Heck Mizorogi Reaction 

To give solution to the problem, Sajiki group 

of Gifu Pharmaceutical Univ. as shown in Fig. 11, 

found that Heck Mizorogi reaction can be 

considerably accelerated with fixed bed Pd catalyst 

and small power of MW irradiation under flow 

condition. In addition to the research done by 

in n-PrOH

Microwave

60W

2.5 MPa

Isolated yield 76%

4.9 g (5 min)

[ 59 g/h, 1.4 kg/day ]

O

CO2Et

CO2Et

+

(4.0 mol/L) (1.0 mol/L)

O

CO2Et

CO2Et

Rapid heating

Rapid cooling

5.0 mL/min

ca. 1.2 min. residence time

200 W apparatus

single -pass

BPR 

Microwave

Power 10 [W]

Flow rate 0.25 [mL/min]

2.0 MPa

I

Ac

CO2n-Bu

Bu3N 
(1.5 equiv)

(2.0 equiv)

Ac

CO2n-Bu

Ac

Ac

1

2 3

1 :   2 :  3

0  :  87 :  6 (%)

in DMA 
(N,N-dimethylacetamide)

single -pass

DIANON WA30 (Mitsubishi Chemical Corporation)

 Dimethylamino group

 Polystyrene-polyvinyl

ion-exchange resin

Temp. @ exit : 92 °C
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traditional catalysts, new type of catalyst using 

nanomaterial has started. It is also expected major 

improvements on reactions by using such a new 

catalyst and MW power under flow condition as 

described in this paper. 

 

7.6 Transition metal free coupling reaction 

It was considered necessary to use very expensive 

transition metal to complete the coupling reactions. 

But Hamashima group found and reported that it is 

possible to do coupling reaction without using 

transition metal if MW flow system is used, which is 

shown in Fig. 12. 

 

 

Figure 12: Transition metal free coupling reaction 

8 High speed optimization of reaction by 
mathematics 

One of the biggest merits of MW system using solid 

state power device is that it is possible to change its 

conditions easily in a very short time.  Gradient mode 

and step mode are embedded as application software 

in the MW flow reactor system. That can change 

MW power gradually or step wise. 

Combining the step mode with Design of 

Experiments (DoE), and also real time flow monitor 

using a MW Flow Reactor System, it made possible 

to gather many data on various experimental 

conditions from the monitor in a short time 

continuously. After such data logged into the 

computer, immediately run Multi Variable data 

Analysis (MVA), then computer system rapidly 

finds the best optimized condition. The sample of the 

result of MVA is shown in Fig. 13 Mase group 

reported considerable reduction of the time 

necessary for optimization of one chemical reaction 

process. It considered to take longer than 5 days 

necessary to complete with small size batch 

specimen and stand-alone monitor system with 

manual operation. But such optimization could be 

shortened less than half a day by using the system 

described above even though transmission of data 

from flow monitor to PC is done manually.  

Currently with the combined PC system and 

flow monitor to capture in-situ real time product data 

directly and automatically has been developed, and 

the system is now being evaluated. Such 

optimization by integration chemistry with 

mathematics is realized and achieved mainly by 

following two key features. First, is the merit of MW, 

that can give very high level of activating energy 

focusing onto the material to be heated uniformly in 

a very short time from within the material. And, 

secondly is the merit of using solid state devices that 

can change the reaction conditions within a very 

short time. 
 

 

Figure 13: MVA (Multi Variable data Analysis) 

9 Technologies of the future 

9.1 Impedance matching 

When non-polar solvents are considered, the 

reflected microwave power from cavity increases. In 

the worst case, higher than 50% power from MW the 

generator is reflected from cavity and wasted by 

termination without contributing to the reaction.  

To solve this problem, a new type of 

impedance matching system shown in Fig. 14 has 

been developed. By introducing this impedance 

matching system, reflection MW power could be 

reduced to less than 10% even though the non-polar 

Toluene is used as solvent. 

 

9.2 Pulse width modulation (PWM) 

By the introduction of solid state power device, it is 

becomes possible to switch MW power ON-OFF 

within m-secs.  PWM shown in Fig. 15 technology 

has been developed and started trial experiment. By 

introducing PWM technology, much higher E field 
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could be applied to the chemicals within a short time 

period. 

 

 

Figure 14: Impedance Matching 

 

 

Figure 15: Pulse Width Modulation 

9.3 Introduction of higher power amplifier 

In 2017, the maximum power of broadband HPA that 

can cover the 2.45GHz range by a single chip is 

250W LD-MOS. The efficiency of LD-MOS has 

recently been improved a lot, achieving a figure of 

around 60%. Manufacturers of solid state devices 

have announced the introduction next year of a 

500W device. 

In the 915MHz range, HPA delivering higher 

than 500W by single chip has already been 

introduced in the market. 

It is also announced that 300W type GaN HPA, 

with an efficiency of higher than 70%, covering 

2.45GHz range, will shortly be introduced on to the 

market. 

It seems that very high efficient and green 

chemical process is possible by keeping the 

reflection of MW power at a minimum by higher 

power HPA with higher efficiency and the utilization 

of resonant cavity technology 

 

10 Summary 

PMT succeeded in developing new generation of 

MW chemical reaction system by incorporating solid 

state power devices, resonant cavity technology and 

advanced system control technologies. The system 

makes it possible to apply MW technology not only 

to basic research but also to production process as 

shown in Fig. 16 for various pharmaceutical and 

specialty chemical applications.  

The system makes it possible to proceed the 

development from basic research to production 

based on one technology that can considerably 

shorten the time needed for development. 

 

 
Figure 16: From Research to Production 
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In Issue 76 of the AMPERE Newsletter published in 

March 2013, I highlighted the new material graphene 

which is a form of carbon one atom thick arranged in 

a honeycomb structure and exhibiting some 

remarkable properties such as strength, optical 

transparency and good electrical conductivity. It was 

discovered by Professors Andre Geim and 

Konstantin Novoselov from the University of 

Manchester who as a result were awarded the Nobel 

Prize for Physics in 2010. The challenge I wrote then 

was how to produce graphene on a large scale at 

reasonable cost. Could microwaves, I ventured, play 

an important role in this quest? I finished the article 

by stating, I quote, “One can only speculate what role 

microwave energy may have in this fast moving 

field”.  

Well, end of speculation, because I am pleased 

to report that this has now been accomplished by a 

small firm located only a few km from my base here 

at St John’s College. The company, FGV Cambridge 

Nanosystems, was first started by Dr Catharina 

Paukner who carried out research in carbon 

nanotubes at the University’s Department of 

Materials Science and Metallurgy. At present 

Catharina is the Chief Scientist while the COO is Dr 

Anna Mieczakowski. Their mission, as stated on 

their website, is to produce graphene powder in large 

quantities and supply it to worldwide organisations 

which are experimenting into the usage of graphene 

in multifarious applications.  

The heart of their patented system is a 

microwave plasma reactor capable of handling 

methane gas (CH4). Microwave plasmas are not new 

but have been experimented widely over the past 80 

years or so using resonant type microwave cavities 

where very high fields can be generated in order to 

breakdown the oncoming gas to produce the plasma. 

The holy grail of this technology, as far as industrial 

applications is concerned, lies in the design of large 

scale microwave cavities in order to produce 

quantities of graphene, in this instance in kg per day, 

rather than g per day.  Although my Canadian 

colleague Renato Bossisio had, some 30 years ago, 

put forward an applicator design which could handle 

large quantities of product for microwave 

polymerisation, its commercial viability was never 

proven.  

The significant aspect of the FGV Cambridge 

Nanosystems’ system is that it produces ultra-high 

quality graphene powder at Kg scale using 

microwave plasma reactors operating at either of the 

two ISM allocated frequencies, namely, 896 and 

2450 MHz. One begs the question as to how such a 

reactor, after splitting the methane into its 

constituents, produces hydrogen and solid graphene 

type of carbon rather than any other form of carbon. 

Well, the answer lies not in the physics of the 

microwave plasma itself but in the thermodynamics 

of the products and specifically the way these are 

handled after emergence from the plasma reactor.  

Automotive and aerospace industries are two 

very promising areas where graphene composites 

could offer major advantages. For example, 

Graphene Enhanced Carbon Fibre Reinforced 

Polymer (CFRP), if used in aircraft for its fuselage, 

can significantly reduce its fuel consumption where 

it is claimed that the potential weight saving of a 

Boing 787 using this composite could be as much as 

3700 kg.  

One of the products that they have produced is 

an instantly hot, super-thin, cutting-edge graphene 

heater technology which can be incorporated in any 

mailto:acm33@cam.ac.uk
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design and size. As graphene is conductive, it can 

heat up when a current is passed through it, a process 

akin to direct resistance heating. Graphene has a low 

thermal mass and therefore can be heated up or 

cooled down quite rapidly. Items can be heated to 

200°C very rapidly such as in a seat demonstration 

they have designed or can be used in aircraft to 

prevent icing of the wings under extreme weather 

conditions.  

A Horizon 2020 funded activity of FGV 

Cambridge Nanosystems, with a number of partners, 

has embarked on the PlasCarb Project using their 

novel microwave plasma processor to turn large 

amounts of food waste based biogas into graphitic 

carbon and hydrogen.  

The Cambridge based company has also 

developed a graphene impregnated resin which could 

be used instead of a metal grid for electromagnetic 

shielding applications (EMI). Other areas where 

such a resin can be used is in consumer electronics, 

printed electronics and conductive inks for sensors 

RFID, PCB printing and e-readers.  

The possibilities are endless and FGV 

Cambridge Nanosystems are at the forefront of an 

exciting new technology which may in the future 

revolutionise many areas.     

 

For further reading 

1. Afterthought Article, AC Metaxas, AMPERE Newsletter, 

No 76, March 2013 

2. https://cambridgenanosystems.com/ 

 

 

 

Upcoming Events 

European Microwave Conference (EuMC) - 25th - 27th September 2018, Madrid, Spain 

The 48th European Microwave Conference represents the main event in the European Microwave Week 2018, 

the largest event in Europe dedicated to microwave components, systems and technology. 

The EuMC is a premier event to present the status and trends in the fields of microwave, millimetre-wave and 

terahertz systems and technologies.  

Website: http://www.eumweek.com/conferences/eumc.html 

 

 

Asia-Pacific Microwave Conference (APMC) – 6th – 9th November 2018, Kyoto, Japan 

The Asia-Pacific Microwave Conference (APMC) is the largest microwave event of its kind in the Asia-Pacific 

region. APMC provides a broad forum for participants from both academia and industries to exchange 

information, share research results, and discuss collaborations in the fields of not only microwave but also 

millimeter wave and even to the far infrared and optical waves. 

Website: http://www.apmc2018.org/index.html 

 

17th International Conference on Microwave and High Frequency Heating: AMPERE 2019   
9th-12th September 2019, Valencia Spain 

The 17th International Conference on Microwave and High Frequency Heating: AMPERE 2019 is the largest 

event in Europe dedicated to scientific and industrial applications of microwave and radiofrequency power 

systems. The conference presents the status and trends in the multidisciplinary fields of microwave and 

radiofrequency heating, dielectric properties, material processing, high power systems and technologies. The 

AMPERE conference is a unique opportunity for the presentation and discussion of the most recent advances 

in the microwave technology and its applications. The conference provides many opportunities to researchers 

and engineers from academia and industry to exchange innovative ideas, networking, discuss collaborations 

and to meet with international experts in a wide variety of specialities of microwave and high frequency 

technologies at both scientific and industrial scale. 

Website: http://ampere2019.com/ 

https://cambridgenanosystems.com/
http://www.eumweek.com/conferences/eumc.html
http://www.apmc2018.org/index.html
http://ampere2019.com/
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About AMPERE Newsletter  

AMPERE Newsletter is published by AMPERE, a European non-profit association devoted to the promotion of 
microwave and RF heating techniques for research and industrial applications (http://www.AmpereEurope.org). 
 

 

Call for Papers 

AMPERE Newsletter welcomes submissions of articles, 
briefs and news on topics of interest for the RF-and-
microwave heating community worldwide, including: 
• Research briefs and discovery reports. 
• Review articles on R&D trends and thematic 

issues. 
• Technology-transfer and commercialization. 
• Safety, RFI, and regulatory aspects. 
• Technological and market forecasts.  
• Comments, views, and visions. 
• Interviews with leading innovators and experts. 
• New projects, openings and hiring opportunities. 
• Tutorials and technical notes. 
• Social, cultural and historical aspects.  
• Economical and practical considerations. 
• Upcoming events, new books and papers. 

AMPERE Newsletter is an ISSN registered periodical 
publication hence its articles are citable as references. 
However, the Newsletter's publication criteria may differ 
from that of common scientific Journals by its 
acceptance (and even encouragement) of news in more 
premature stages of on-going efforts. 
We believe that this seemingly less-rigorous editorial 
approach is essential in order to accelerate the 
circulation of ideas, discoveries, and contemporary 
studies among the AMPERE community worldwide. It 
may hopefully enrich our common knowledge and hence 
exciting new ideas, findings and developments.   
Please send your submission (or any question, comment 
or suggestion in this regard) to the Editor in the e-mail 
address below. 

 

 

AMPERE-Newsletter Editor    

Guido Link, Karlsruhe Institute of Technology, Karlsruhe, Germany, E-mail: guido.link@kit.edu 

Editorial Advisory Board   

Andrew C. Metaxas, Cristina Leonelli, Eli Jerby 
 

 

AMPERE Disclaimer  

The information contained in this Newsletter is given for the benefit of AMPERE members. All contributions are 
believed to be correct at the time of printing and AMPERE accepts no responsibility for any damage or liability that 
may result from information contained in this publication. Readers are therefore advised to consult experts before 
acting on any information contained in this Newsletter.  
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