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Abstract

:

This paper presents an extensive review of the scientific literature associated with various microwave pyrolysis applications in waste to energy engineering. It was established that microwave-heated pyrolysis processes offer a number of advantages over other processes that use traditional thermal heat sources. In particular, microwave-heated processes show a distinct advantage in providing rapid and energy-efficient heating compared to conventional technologies, and thus facilitating increased production rates. It can also be established that the pyrolysis process offers an exciting way to recover both the energetic and chemical value of the waste materials by generating potentially useful pyrolysis products suitable for future reuse. Furthermore, this review has revealed good performance of the microwave pyrolysis process when compared to other more conventional methods of operation, indicating that it shows exceptional promise as a means for energy recovery from waste materials. Nonetheless, it was revealed that many important characteristics of the microwave pyrolysis process have yet to be raised or fully investigated. In addition, limited information is available concerning the characteristics of the microwave pyrolysis of waste materials. It was thus concluded that more work is needed to extend existing understanding of these aspects in order to develop improvements to the process to transform it into a commercially viable route to recover energy from waste materials in an environmentally sustainable manner.
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1. Introduction


Waste materials such as waste oil, plastic, and biomass waste are being generated every year around the world. Some of these wastes are effectively collected and recovered for use as an energy source or chemical feedstock, while some are simply discarded or burned in ways that can pollute the environment. The improper disposal of these waste materials (e.g., used engine oil, PVC, and municipal solid wastes) may constitute an environmental hazard due to the presence of undesirable species such as metals, soot and polycyclic aromatic hydrocarbons (PAHs). For example, studies have reported that the high concentrations of PAHs in sewage effluents and urban runoffs are due to their contamination by waste oil [1]. Due to the difficulties associated with the contaminants in these waste materials, a large portion of the wastes are simply disposed of by landfilling. This method presents no recovery of the potential value of the waste but leads to potential environmental pollution due to considerably long decomposition times and the risk of contaminants leaking out to the surrounding environment. As such, the treatment and disposal of these wastes represents a significant challenge in the real world.



Another form of waste disposal is achieved by thermal means through incineration, which is typically used for energy recovery purposes. In this energy recovery process, waste materials are burned in furnaces to produce energy in the form of electricity and/or heat. This method can be applied to all types of hydrocarbon waste; however, it has several drawbacks. The combustion of waste results in the release of greenhouse gas such as CO2 that contributes to climate change. In addition, incineration can lead to toxic emissions that pose a direct hazard to the environmental and human health [2,3], largely due to the undesirable contaminants present in both the waste (e.g., soot or particulates containing PAHs, metals from engine oil) and the flue gas emitted from the incineration process (e.g., fly ash, oxidised compounds such as polychlorinated dibenzodioxins). On the whole, incineration recovers only the calorific value of the waste and does not allow for the recovery of any of the chemical value of the waste, and thus this method is becoming increasingly impracticable due to concerns of greenhouse gas release and environmental pollution associated with toxic emissions. Furthermore, the cleaning of the flue gases produced is complex and expensive due to strict regulations on atmospheric emissions. Therefore, research has moved towards developing a better solution, from an environmental and economic standpoint, by thermally reprocessing the waste materials into more useful energy forms using thermal conversion processes.



Thermal conversion involves the use of a wide range of thermal decomposition processes such as pyrolysis and gasification to decompose waste materials into smaller molecules that can be used as energy source or inputs for the synthesis of new materials, e.g., hydrocarbon wastes are decomposed to produce syngas (H2 + CO); the syngas can be used as a fuel directly, or converted into liquid fuel through the Fischer–Tropsch process [4]. In these processes, waste materials are heated and cracked in the absence of oxygen into smaller molecules. While thermal conversion shows advantages in dealing with a wide variety of wastes of a hydrocarbon nature (e.g., used tyres [5] and plastic waste [6]), and recovering both the energy and chemical value of the wastes [7], it is an energy intensive process that usually requires a large scale operation coupled with a capital intensive plant [8]. Although thermal conversion techniques have recently shown potential as an environmentally friendly waste disposal method [9,10], such practice is yet to become popular.



Pyrolysis is a thermal process that heats and decomposes a substance in an environment from which oxygen is excluded. It can be used as a thermal conversion technique for hydrocarbon wastes, where the waste materials are cracked to produce hydrocarbon oils, gases, and char. The process can be optimised to maximise production of any of these constituents by altering parameters such as process temperature and reactant residence time [11], e.g., a high temperature and high residence time promotes the production of gases; a high temperature and low residence time (termed “flash pyrolysis”) results in increased yield of condensable products, and a low temperature and heating rate leads to increased char production [12] or to no chemical reactions taking place at all. The wide variety of pyrolysis products indicates that the products may need to be separated and purified before they can be used further; this can usually be achieved through the use of existing distillery and refinery facilities, however, in some cases more advanced techniques are required for the separation, e.g., the use of material separation agents for the separation of azeotropes in pyrolysis oil product (termed “azeotrope or extractive distillation”).



The review focuses on the development of an emerging pyrolysis technology termed microwave pyrolysis employed for efficient treatment and energy recovery from various waste materials, either as a disposal route to convert waste materials to petrochemical products suitable for use as a fuel, or as an integrated treatment process for the production of raw chemical feedstock for future reuse. This technology is expected to offers a number of advantages over other conventional pyrolysis processes and makes a practical contribution to the challenge of redesigning human behaviour for sustainability.




2. Current Pyrolysis Techniques for Waste to Energy Application


Pyrolysis techniques have been developed as an alternative to treat and convert waste materials to products suitable for use as a potential energy source [10,13,14], though the use of this technology is not currently widespread. The main advantage of pyrolysis is that it has the potential to recover both the energy and chemical value of the waste by generating potentially valuable products from the pyrolysis process. The oil and gaseous products demonstrated a high calorific value, and the char produced can be used as a substitute for carbon black. In particular, the gaseous product is of considerable interest due to its potential as a source of hydrogen fuel. Other advantages compared with steam reformation processes include negligible production of toxic oxidised species (e.g., dioxins, NOx) [15,16], less energy consumption and the production of a disposable solid waste (char) [17]. Due to its ability to produce potentially valuable products, vigorous efforts have been made to perfect the pyrolysis process and techniques for energy recovery from waste materials, in addition to offering an alternative solution to disposal of the waste by incineration.



For the past two decades, research on pyrolysis processes has been conducted using several types of equipment heated by conventional heating source (e.g., an electric or gas heater), namely: fluidised bed reactors, rotating cone reactors, melting vessels, blast furnaces, tubular or fixed bed reactors [14,18]. For example, the institutions in Spain and Turkey use tubular and fluidised bed reactors heated by either electric furnaces, ovens, or heaters [5,19,20,21], whereas the Korean institutions employ stirred batch reactors heated by either jacketed electric heaters [22], autoclaves, or molten salt baths [23]. These types of equipment were used in a manner where the thermal energy is externally applied to the reactor and heats all the substances in the reactor including the evolved pyrolysis-volatiles, the surrounding gases, and the reactor chamber itself. In this case, energy is not fully targeted to the material being heated and this results in significant energy losses in terms of the energy efficiency of the whole process. Nevertheless, several of these processes have been developed into a pilot plant scale despite their limited energy efficiency [24].



Song et al. [9] have recently examined the use of electric arc heating to pyrolyse waste oil. The electric arc pyrolysis employs a different heating mode compared to conventional electric-heated pyrolysis. An electric arc cell or generator was used to generate a momentary electric discharge for pyrolysing the waste oil in order to produce high-value fuel gases (e.g., hydrogen and acetylene) and “usable” carbonaceous residue. It is considered a flash pyrolysis process whereby the waste material is rapidly heated to 1300–1500 °C for 0.01–1 s, producing incondensable gases and carbonaceous residues as the pyrolysis products. Although this technique shows potential as a waste-to-energy method, such technique should be investigated further due to concerns over the presence of undesirable species (e.g., PAHs, metals, and mixed oil-additive polluted residues) in the pyrolysis products [25].



It was established that current pyrolysis techniques (mostly conventional electric-heated pyrolysis processes), when compared with incineration and steam reformation processes, offer a number of advantages and shows excellent potential for waste-to-energy applications. However, such practices possess limitations and at present there are still problems associated with these pyrolysis techniques. The low thermal conductivity of some waste materials (e.g., engine oil with a thermal conductivity ranging from 0.15 to 0.30 W/m.K) often necessitates a long processing time due to the low rate of heat transfer within the material in order for pyrolysis to occur. Furthermore, in conventional electric-heated pyrolysis, the waste material is heated by an external heating source which also heats all the substances in the heating chamber including the evolved pyrolysis-volatiles and the chamber itself. This results in significant energy losses and can also promote undesired secondary reactions of the evolved pyrolysis-volatiles that lead to formation of toxic compounds (e.g., PAHs) [26] and increased production of char [17], which can cause problems such as coking on the reactor wall and fouling of the system with particulates. Moreover, the uneven distribution of heat produced in some conventional pyrolysis processes has led to poor control over the heating process; as a result, the final fractions obtained from the pyrolysis are often varied and critically depend on the actual process conditions applied to the waste material [27]. It was also found that the existing literature is limited to pyrolysis performed in batch or semi-batch operation in which the waste material was added initially to a batch system before being subjected to pyrolysis. Limited information is therefore available concerning the characteristics of the pyrolysis of the waste material (e.g., the influence of key process parameters on the product distribution) when the pyrolysis is performed in a continuous operation. Owing to the limitations, inconsistent performance, and uncertainties shown by conventional pyrolysis, it is important to find an alternative pyrolysis technique to rectify these deficiencies in order to ensure better performance and control of the pyrolysis process as well as the production of more desirable pyrolysis products.




3. Microwave Pyrolysis


Microwave pyrolysis is a relatively new process and was initially developed by Tech-En Ltd. in Hainault, UK [28,29]; this thermal treatment in a microwave-heated bed of particulate-carbon has been shown to be an effective method of recovering and recycling chemicals present in troublesome wastes such as plastic waste, sewage sludge, and coffee hulls [7,12,30,31]. In this process, waste material is mixed with a highly microwave-absorbent material such as particulate-carbon, which absorbs microwave energy to generate sufficient thermal energy to achieve the temperatures required for extensive pyrolysis to occur. As a result of microwave heating, the waste material is thermally cracked in the absence of oxygen into smaller molecules. The resulting volatile products are either recondensed into an oil product (termed “pyrolysis-oil”) or collected as incondensable gaseous products (termed “pyrolysis-gases”) of different compositions depending on the reaction conditions.



3.1. Principles behind Microwave Pyrolysis


3.1.1. Introduction to Microwave Heating


Microwave heating is performed at frequencies of 915 MHz (λ = ~33 cm) and 2.45 GHz (λ = ~12 cm) as specified by international agreement [32]. The technique was introduced after the Second World War following the development of the magnetron valve (a very high power source of microwaves with exceptional efficiency) as an efficient processing tool for heating. The heating occurs when the magnetron generates electromagnetic radiation that causes dipolar molecules to attempt to rotate in phase with the alternating electric field created by the electromagnetic radiation. Resistance to this rotation on the molecular level results in friction between the molecules and causes heat to be generated [33]. This heating method has many advantages over conventional thermal heating methods.



Conventional thermal heating usually employs an external heating source to transfer heat to material through a surface; as a result, heating is governed by the temperature of that surface as well as limited by the physical properties of the materials being heated, such as density, heat capacity, and thermal diffusivity of the material. In contrast, microwave heating constitutes a unique way of heating where the heating effect arises from the interaction of electromagnetic wave with the dipoles within the material being heated. In general, three mechanisms are responsible for the microwave heating resulting from the interactions mentioned above (see Section 3.1.2). By such heating mechanisms, heat is generated within the material rather than from an external source, thereby giving a more efficient heating process compared to conventional surface heating with respect to even distribution of heat and easier control over the heating. In addition, high temperatures and heating rates can be obtained through microwave heating [7], and it shows remarkably high conversion efficiency of electrical energy into heat (80%–85%) [15].




3.1.2. Microwave Heating Mechanisms


Microwave heating is classified as an electric volumetric heating method. Other heating methods in this category include conduction and induction heating operating at frequency ranges of 0–6 Hz and 50 Hz–30 kHz, respectively; these heating methods were performed by passing a current through the workload to induce electric power (I2R) heating. Ohmic heating, which operates at the frequency range in between conduction and induction heating, is also classified into the same category and this heating method operates with the same principle as the former methods. Radio frequency heating, operating at a frequency range from 1 to 100 MHz (often at 27.12 MHz), is included in this category and this heating method is usually used for workloads that give a high resistivity when placed between electrodes. A typical electromagnetic spectrum with examples of applications performed by different electric volumetric heating methods at various frequency ranges is presented in Figure 1.
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Figure 1. Typical electromagnetic spectrum with examples of applications performed at different frequency ranges [32]. 






Figure 1. Typical electromagnetic spectrum with examples of applications performed at different frequency ranges [32].
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The principles and theories behind microwave heating are well understood and available in several textbooks [32,34]. In general, there are three mechanisms by which materials are heated in a microwave field. These mechanisms arise from the displacement that charged particles in the material undergo when they are subjected to the microwave radiation and could be summarised as follows:

	
Dipole reorientation (polarization)—substances containing polar compounds are mainly heated via this mechanism when they are subjected to microwave radiation. When subjected to a microwave field, the electrons around the nuclei (electronic polarization) or the atomic nuclei themselves (atomic polarization) are displaced from their equilibrium position, forming induced dipoles. In some materials (e.g., water) permanent dipoles exist due to the asymmetric charge distribution in the molecule. The induced or permanent dipoles tend to reorient under the influence of the changing or alternating electric field. The chemicals bonds of induced or permanently polarized molecules are realigned in the fluctuating field. This realignment occurs trillions of times each second [35] and results in friction between the rotating molecules, and thus causes heat to be generated within the whole volume of material.



	
Interfacial or Maxwell-Wagner polarization—this polarization arises from a charge build-up in the contact areas or interfaces between different components in heterogeneous systems. The polarization is created due to the difference in conductivities and dielectric constants of the substances at the interfaces. The accumulation of space charge leads to field distortions and dielectric loss that contribute to the heating effects.



	
Conduction mechanism—when an electrically-conductive material is subjected to electromagnetic radiation, electric currents are produced where the charged particles or carriers (electrons, ions, etc.) in the material move through the material under the influence of the externally applied electromagnetic field forming conducting paths. As these electric currents flow within the structure of the materials, which in most cases have a relatively high electrical resistivity, the material is heated because the power generated by the forced flow of electrons is dissipated as heat.








The extent to which a material heats up when subjected to electromagnetic radiation (e.g., microwave radiation) is mainly determined by its dielectric properties, which depends on two key parameters: the dielectric constant (ε’) and the dielectric loss factor (ε”). The dielectric constant expresses the ability of a material to be polarized by an electric field by determining how much of the electromagnetic energy is reflected and how much is absorbed, whereas the dielectric loss factor quantifies the efficiency with which the electromagnetic energy is converted to heat. The ratio of dielectric loss factor to dielectric constant defines the dielectric loss tangent or dissipation factor of a material:


   tan  δ =      ε ″     ε ′      



(1)







The dielectric loss tangent of a material determines its ability to absorb and convert electromagnetic energy into thermal energy at a given temperature and frequency. In microwave heating process, this parameter is an important factor that determines the heating rate and final temperature that can be reached by a material heated by microwave radiation [36]. Thus, a material with a moderate value of ε’ and a high value of ε” (and so a high value of    tan  δ   ) is considered as a good microwave receptor with high capability in converting electromagnetic energy into thermal energy. Typical materials that exhibit good dielectric properties with a high value of    tan  δ    are carbon materials and inorganic oxides [37], whereas materials such as plastics are considered as ‘transparent’ to microwaves because they do not possess a sufficiently high dielectric loss factor (ε”) to allow for dielectric heating [35].




3.1.3. Microwave Heating of Carbon Materials and its Application in Pyrolysis Processes


Microwave heating combined with the use of carbon material has been applied in the processing and treatment of certain materials. Carbon materials are good microwave-absorbents that show high capacity to absorb and convert microwave energy into heat; the dielectric loss tangent (tan δ) of carbon materials such as charcoal, carbon black, and activated carbon, which range between 0.1 and 0.8, is either comparable to or higher than the tan δ of distilled water (~0.1), which is commonly known as a very good microwave-absorbent [35]. Thus, carbon materials can be used as an effective microwave-absorbent to heat substances that are transparent to microwaves radiation. The use of carbon materials combined with microwave heating has been applied to soil remediation processes and catalytic heterogeneous reactions [35].



Microwave heating combined with the use of carbon materials has recently been applied in pyrolysis processes to treat or process a variety of materials, e.g., biomass [12,38], coal [39,40], oil shale [41], glycerol [42] and various organic wastes [28]. In general, these materials are poor microwave-absorbent that are either transparent to microwaves or with poor dielectric properties, therefore they requires heating by contact with materials with high microwave absorbency (e.g., carbon materials [12,38,41,42,43] or metal oxides [39]) to achieve higher temperatures in order for extensive pyrolysis to occur. Carbon materials are usually used rather than metal oxides due to their low cost and ease of acquisition [35]. This type of pyrolysis (termed “microwave pyrolysis”), which involves the use of microwave radiation as an indirect heat source combined with the use of carbon materials as the microwave receptor to directly heat and pyrolyse the materials, is known to offer additional advantages over conventional pyrolysis techniques (see Section 3.2).



The heating of carbon occurs when sufficient microwave energy is absorbed by the carbon particles and converted to thermal energy by dipole reorientation and ionic conduction (the 1st and 3rd mechanism described in Section 3.1.2), and thus causing heat to be generated within the particles [44]. A detailed study of the ionic conduction mechanism has been presented and discussed by Liu et al. [45]. The group led by Menendez has recently demonstrated that the microwave heating of carbon materials also occurs via the combination of Maxwell–Wagner polarization and conduction mechanism (the 2nd and 3rd mechanisms described in Section 3.1.2) [35]. The authors claimed that a current travelling in phase with the electromagnetic field is induced within the carbon material when it is subjected to microwave radiation. As a result, the π-electrons (i.e., charged particles that are free to move in a limited region within the material) in the carbon material are displaced from their equilibrium positions and this leads to dielectric polarization. The positive charges are displaced toward the field and negative charges are shifted in the opposite direction under the influence of dielectric polarization. This creates an internal electric field which reduces the overall field within the carbon material itself. As the π-electrons are repeatedly shift from one position to another under the influence of the changing or alternating electric field, this leads to a charge build-up within the carbon material. The power generated by the forced flow of electrons and the accumulation of charge within the carbon material due to Maxwell-Wagner polarization (which leads to field distortions and dielectric loss) result in energy being dissipated as heat and thus contributing to the heating effects. Figure 2 shows a schematic representation of the microwave heating of carbon material proposed by the Menendez group.





[image: Energies 05 04209 g002 1024] 





Figure 2. Schematic representation of microwave heating of carbon material [46]. 






Figure 2. Schematic representation of microwave heating of carbon material [46].
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In addition, these authors demonstrated that an additional phenomenon may occur in microwave heating of carbon materials. They claimed that in some cases the kinetic energy of some π-electrons in the carbon material may increase to a level that allows the π-electrons to jump out of the carbon, resulting in the ionization of the surrounding atmosphere [35]. This phenomenon is perceived as sparks or an electric arc at a macroscopic level, but it is considered as hot spots or plasmas at a microscopic level. The generation of sparks or hot spots may have effects on the reaction pathways that occur in processes that incorporate the microwave heating of carbon.





3.2. Microwave-Heated Pyrolysis Compared to Conventionally-Heated Pyrolysis


Microwave heating is currently employed for energy transfer in various industrial, technological and scientific processes and applications. Industrial microwave heating systems have been developed for a variety of applications in food industry, e.g., continuous baking, vacuum drying, tempering and thawing, pasteurisation, and sterilisation [32]. In addition, this technology has long been employed in the rubber and polymer industries for applications such as rubber vulcanization, polymerization or curing of resins and polymers by elimination of polar solvents [35], but there is a growing interest for its potential use as a heat source in pyrolysis processes (termed “microwave pyrolysis”), particularly in the treatment of various waste-streams.



It has been reported that microwave-heated processes showed advantages over their conventionally heated counterparts (e.g., conventionally heated oil baths, conventional electric-resistance heated systems such as electric-heated mantles and furnaces) in promoting clean, fast and high yielding chemical reactions that occur during the thermal processes [47,48]; the chemical reactions refer mainly to organic reactions, though the interpretation to some extent is also relevant to other thermal processes involving organometallic and inorganic compounds, and materials such as ceramics and polymers; in addition, the reaction is described as “clean” due to its low hold-up of potentially dangerous intermediates and its significantly lower production of contaminants. The authors claimed that these beneficial effects could be attributed to the lower thermal inertia and faster response (e.g., increasing reaction rates by reducing activation energies) exhibited by microwave heating methods. Despite the various studies to establish the difference between microwave-heated and conventionally-heated processes, Strauss and Rooney [49] have recently demonstrated that the claims are valid only when comparably rapid heating cannot be obtained by conventional heating.



Although reports that microwave-heated reactions typically proceed faster, more cleanly, and in higher yields than their conventionally heated counterparts have widely appeared in literature [50,51], the explanation behind such findings has been interpreted as mostly speculations due to the lack of compelling scientific evidence [52,53]. Some workers had tried to attribute non-thermal effects as the source of the faster, cleaner and higher yielding reactions occurred in microwave-heating processes [31,54], however a number of studies have demonstrated that the vast majority of the reactions proceed thermally under microwave-heated conditions [55,56]. These studies indicated that the reactions occurred under microwave-heated conditions should produce identical outcomes to those occurred under conventionally-heated conditions if their thermal profiles are identical [57]. Nevertheless, it can be established from the many literature reports on microwave-heated processes that microwave heating is generally accepted to have an influence in promoting and accelerating certain chemical reactions due to the advantageous features such as fast heating rates, high power density, even heating, and good heating control.



Despite the vigorous debate about the difference between microwave-heated and conventionally-heated processes, it should be noted that the discussion in the previous paragraph focuses mainly on materials heated directly by microwave radiation in order to produce physicochemical changes. In contrast, this review describes the work performed to study a microwave-heated process that employs a different approach by using microwave radiation as an indirect heat source to heat and pyrolyse waste materials. In this microwave-heated process (termed “microwave pyrolysis”), waste material is pyrolysed by contact with a bed of particulate-carbon heated by microwave radiation. The highly microwave-absorbent particulate-carbon absorbs enough microwave energy and heats up initially to achieve the desired temperature for pyrolytic thermal cracking, and subsequently crack the waste material to produce a variety of different products. Thus, this microwave pyrolysis process, which involves the pre-heating of carbon followed by the transfer of heat to the waste material in order for cracking to occur, may present a different concept (e.g., heating mechanism) and produce a different outcome as to the microwave-heated processes described in the previous paragraph.



It was established that microwave pyrolysis offers a number of advantages over conventional pyrolysis techniques. The use of microwave radiation as a heat source is known to offer additional advantages over traditional thermal heat sources [58,59], and the combination of carbon-based material and the novel use of microwave heating in pyrolysis processes is of increasing interest as reflected by considerable recent research reported in the literature [30,42]. Microwave radiation provides a rapid and energy-efficient heating process as compared to conventional technologies (e.g., 50% more efficient than heating by natural gas, steam) [60]. The diffuse nature of the electromagnetic field allows microwave heating to evenly heat many substances in bulk [61], without relying on slower and less efficient conductive or convective techniques. In addition, microwave heating offers a reliable, low cost, powerful heat source, with modern equipment operating at over 90% conversion efficiencies of electricity into thermal energy [15]. Thus, the use of microwave radiation as a heat source offers an improved uniformity of heat distribution, excellent heat transfer, and provides better control over the heating process. Other advantages compared with conventional heating techniques (e.g., electrical furnace) include fast internal heating [61], higher power densities and the ability to reach high temperatures at faster heating rates [7], higher heating efficiency [58], facilitating increased production speeds and decreased production costs [62]. The process can be physically gentle, allowing for a wide variety of applications in diverse fields [58,60]; increased process yield, environmental compatibility, and savings in process time are among the advantages reported on microwave processing of materials [63]. Furthermore, the process can be developed at a variety of scales that allows for on-site treatment of waste material, and thus reducing the additional costs needed for the transport of waste material to a specific treatment centre or waste processing plant.



Microwave radiation can be used to directly heat substances if they exhibit good dielectric properties; substances that are ‘transparent’ to microwaves (e.g., plastics), or with poor dielectric properties (e.g., engine oil) necessitate the introduction of an appropriate intermediate microwave receptor. It was revealed that the use of carbon-based materials (e.g., particulate-carbon, char produced from pyrolysis) as the microwave receptor offers a number of advantages over conventional pyrolysis techniques. Carbon-based materials are good microwave-absorbents [37] that can be used to heat neighbouring substances (particularly those that are transparent to microwaves) to high temperatures at a fast heating rate by microwave radiation [38,61,64]. In addition, the use of carbon-based materials as a reaction bed provides a highly reducing chemical environment, which removes oxygen functionalities from the treated substances and decreases the formation of undesirable oxidised species during the pyrolysis [7,44]. Short heat transfer distances, the enveloping nature of the well-mixed carbon bed, and small particle size of the carbon materials employed (with corresponding large surface area) make this an efficient method of heat transfer. Furthermore, energy is targeted only to microwave receptive materials and not to gases within the heating chamber or the chamber itself. It can promote certain chemical reactions in a way that is not possible in conventional processing by selectively heating the reactants, leading to a more uniform temperature profile and improved yield of desirable products [30,37,59,60].



Despite the many advantages shown by microwave pyrolysis, it should be noted that microwave radiation presents an additional hazard over traditional heating methods, although this is easily contained within an appropriate Faraday cage. Also, using microwaves places limits on which materials can be used in the construction of a reactor and its design. In particular, metal should be avoided other than to contain the microwaves, as the presence of metal can generate arcing that may cause damage to the microwave equipment.



A Case Study Comparison between Microwave-Heated and Conventional Electric-Heated Pyrolysis of Waste Oil


Table 1 compares the results obtained using microwave pyrolysis process to those of waste oil pyrolysis processes heated by conventional electric heating either using waste oil on its own or in the additional presence of coal, scrap tyres, or zeolite and alumina catalysts. The use of the microwave-heated bed of particulate-carbon, compared to the other methods of operation, seemed to have a beneficial effect in cracking the waste oil to produce higher amounts of condensable products (termed “pyrolysis-oil”). In addition, the examination of the hydrocarbon composition of the pyrolysis-oil revealed that waste oil was thermally cracked to mainly C5-C18 hydrocarbons (Table 1) compared to the heavier C19-C35 hydrocarbons produced in conventional electric-heated pyrolysis [5,10,22]. These results suggest that cracking reactions are enhanced through the use of a microwave-heated bed of particulate-carbon in the experimental set-up, transforming the waste oil into (greater amounts of) pyrolysis-oil comprising higher amounts of lighter hydrocarbon components.
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Table 1. Comparison of product yield (wt%) in waste oil pyrolysis processes heated with different media, and driven by microwave heating and conventional electric heating (wt%—weight percentage).







Table 1. Comparison of product yield (wt%) in waste oil pyrolysis processes heated with different media, and driven by microwave heating and conventional electric heating (wt%—weight percentage).







	
Type of waste oil pyrolysis

	
Char

	
Pyrolysis-gases

	
Pyrolysis-oil




	
Microwave heating with particulate-carbon [65]

	
7

	
8

	
85




	
Electric heating (only waste oil) [10,19,27]

	
3–13

	
28–60

	
34–80




	
Electric heating with coal [66]

	
35–50

	
19–40

	
21–39




	
Electric heating with scrap tires [5]

	
16–21

	
9–10

	
67–72




	
Electric heating with catalyst (zeolite,alumina) [67]

	
N.Ra

	
N.R.

	
36–42




	
Carbon components in pyrolysis-oil

	
C5-C18

	
>C18




	
Microwave heating with particulate-carbon [65]

	
87 wt%

	
7 wt% (C19-C30)




	
Electric heating by jacketed electric heater [22]

	
19 wt%

	
81 wt% (C19-C35)




	
Electric heating by electric furnace [10]b

	
45 wt%

	
55 wt% (C19-C29)




	
Electric heating by electric oven [5]b

	
65 wt%

	
35 wt% (C19-C28)








a N.R.—not reported; b The data from literature were estimated from the boiling point curve of waste oil obtained in their waste oil pyrolysis studies.







Lam et al. [65] claimed that the different product compositions can be attributed to the use of the microwave-heated carbon bed in the experimental set-up, and the different heat distributions present during microwave pyrolysis. In microwave pyrolysis, the applied microwave radiation is targeted to and heats mainly the microwave-receptive particulate-carbon, creating a localized reaction ‘hot zone’ in which the added waste oil becomes totally immersed, providing excellent heat transfer and cracking capacity to crack the waste oil (C11-C40 hydrocarbons) to mainly C5-C18 hydrocarbons that can be re-condensed into pyrolysis-oil. The C5-C18 hydrocarbons, together with other cracked hydrocarbons, then vaporise as pyrolysis-volatiles, leave the hot carbon bed, and move into the vapour zone (the space above the carbon bed in the reactor) before being driven out of the reactor by the N2 purge gas. The authors suggested that the pyrolysis-volatiles in the vapour zone were less likely to undergo further secondary reactions (e.g., secondary thermal cracking, carbonization) to form incondensable pyrolysis-gases and chars as there may not be enough thermal energy to supply the endothermic enthalpy to drive the secondary reactions. This is different than in the case of conventional electric heating from which the thermal energy is externally applied to the reactor and heats all the substances in the reactor including the evolved pyrolysis-volatiles, the surrounding gases, and the reactor chamber itself. This suggests that the pyrolysis-volatiles in conventional heating, being in contact with the hot surrounding gases and the walls of the reactor chamber, are likely to encounter a reaction ‘hot zone’ where more thermal energy is present in order for secondary reactions to occur. As a result, the pyrolysis-volatiles under these conditions are likely to undergo more secondary reactions than occur during microwave heating. In the former process, the hydrocarbon components in the pyrolysis-volatiles are further cracked to incondensable, lighter hydrocarbons (C1-C4 hydrocarbons) via secondary thermal cracking reactions, some of which are further transformed into chars via tertiary cracking or carbonization reactions. This leads to higher yields of both pyrolysis-gases and char residues and lower yield of pyrolysis-oil. Similar differences between conventional and microwave pyrolysis have also been observed during the treatment of other types of waste [62,68]. Other possible explanations that have been proposed to account for this difference include the microwave heating process itself, which has been shown to produce different products from conventional heating when all other factors are held equal [59,62], and the creation of free elections on the surface of the carbon particles as a result of microwave-induction, which may influence the reaction pathway [7].





3.3. Energy Recovery


Vigorous efforts have been made to estimate the energy recovery in microwave pyrolysis of waste materials [65,69,70,71,72]. The estimate provides a useful measure of the energy efficiency of the process, which is an important factor that determines the viability of this type of pyrolysis process, especially in scaling and optimising the design and operation to the commercial level. While this information has been revealed in microwave pyrolysis studies of several wastes, it was found that the existing literature is limited to pyrolysis performed in batch or semi-batch operation in which the feedstocks were added initially in one batch before being subjected to pyrolysis. Limited information is available concerning the energy balance in the pyrolysis that is performed in continuous operation.



It was revealed from these studies that microwave pyrolysis process is capable of recovering pyrolysis products (e.g., hydrocarbon oils) whose calorific value are many times greater than the amount of electrical energy used in the operation of the process, showing both a positive energy ratio (energy content of hydrocarbon products/electrical energy supplied for microwave heating) and a high energy output. For example, Lam et al. [65] have recently demonstrated through their studies on microwave pyrolysis of waste oil that the pyrolysis can be performed in a continuous operation, and the pyrolysis apparatus described is capable of treating waste oil with a positive energy ratio of 8 and a net energy output of 179 MJ/h. In particular, the oil product showed significantly high recovery (~90%) of the energy content of the waste oil. The authors also suggested that the favourable situation would be even more apparent during the operation of pilot or industrial scale equipment in which attempts to improve heat integration and recovery have been implemented.



However, it should be noted that the high energy recovery ratios observed in these pyrolysis studies involve the assumption that the only energy input of the process is the electrical energy used in the pyrolysis reactor. In practice lower energy ratios would be realised in which additional energy inputs have been taken into account, including the energy needed for the collection and transport of waste materials to the processing plant, and for the refining of the pyrolysis products (e.g., hydrocarbon oils) if they need to be further processed to produce a gas or liquid fuel.



Overall, it was established that microwave pyrolysis process show high recovery (60%–80%) of the energy input to the system (e.g., electrical energy input plus the calorific value of the added waste material) [65,69,70,72]. The recovered energy in the form of oil and gaseous products can be potentially used as a fuel source, e.g., on-site generation of electrical energy to power the microwave pyrolysis system. Furthermore, inclusion of heat integration and recovery systems to recover energy loss from the pyrolysis reactor (e.g., insulating the reaction vessel) would further increase the amount of energy that can be recovered from the system. The review on the existing literature indicates that the microwave pyrolysis method may be an energetically viable means of recycling waste materials into useful pyrolysis products, in addition to a disposal method for the waste.





4. Application of Microwave Pyrolysis in Waste to Energy Processes


In view of the many advantages shown by microwave pyrolysis, studies have been performed to investigate the possible development of microwave pyrolysis process for efficient treatment and recovery of potentially valuable hydrocarbon feedstocks from waste materials. The distinct advantages shown by microwave pyrolysis (see Section 3.2) may lead to the potential for the greater production of desirable pyrolysis products, such as gaseous hydrocarbons and liquid hydrocarbon oils that can potentially be used as a fuel or chemical feedstock, while at the same time serving the purpose of recycling and disposing of waste materials. In view of that, the aim of the pyrolysis process would be to obtain valuable products that can be further used in other chemical processes and should demonstrate a commercial opportunity rather than a problem for the disposal of waste material. Thus, research on microwave pyrolysis processes of waste materials has always concentrated effort on clarifying the variation of product spectra with the nature of the load and the process conditions.



So far there has not been a consensus on what are the main products produced during the microwave pyrolysis of waste materials. In fact, there have been many explanations for the differences observed in the experiments conducted by different researchers, although some researchers have managed to obtain somewhat similar product yields. In general, three classes of product are obtained from the pyrolysis, that is: gases, oils, and char. Table 2 shows an example of the different yields of products obtained by different sets of researchers investigating energy recovery from microwave pyrolysis of waste materials.
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Table 2. Product yield (wt%) from microwave pyrolysis of waste materials for energy recovery.
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Research

	
Gases

	
Oil

	
Char






	
Waste automotive engine oil [65]

	
8

	
85

	
7




	
Plastic waste [7]

	
19–21

	
79–81

	
0




	
Sewage sludge [73,74]

	
36–63

	
2–8

	
30–60




	
Used car tyre [75]

	
10

	
50

	
40









In addition to the differences in product yield, varied product spectra were also found in the different studies. Domínguez et al. [74] and Zuo et al. [73] obtained high yields of syngas (H2+CO) and low yields of CO2 and CH4 in their studies on microwave pyrolysis of sewage sludge. In contrast, Lam et al. [65,71] reported high yields of condensable oil product containing substantial concentrations of light aliphatic and aromatic hydrocarbons in their microwave pyrolysis studies of waste oil, but with a comparatively lower production of gaseous product that contains light aliphatic hydrocarbons and syngas. The similarities and differences in these studies were postulated to be mainly due to the influence of operating or experimental conditions (i.e., temperature, heating source, and pressure) and the nature of the load (i.e., chemical composition and source).



However, toxic metals were surprisingly found to be present in the oil fractions following condensation of the pyrolysis products from microwave pyrolysis of certain wastes such as waste oil [76] and oil-contaminated drill cuttings [33]. According to the authors, metals (e.g., Pb, Fe, Cu and Ni) are mainly present in the oils as metallic compounds; these compounds would turn into volatiles during pyrolysis processes at a reaction temperature of 600 °C and above. In addition, some metals (e.g., V, Cd) are condensed (accumulated) on the particulate matter produced during the process [76]. As a result, the metals condensed on the particulate matter and the metallic compounds (depending on their volatility) are likely to escape from the pyrolysis chamber with the other gaseous products during the pyrolysis process, causing the formation of undesired oil products containing toxic metals. As a result, efforts are being made to incorporate additional processes such as hot gas cleaning and previous demetalisation of waste materials in order to obtain oil products that are free of metals.



Toxic semi-volatile PAH compounds such as naphthalene, acenaphthylene, phenanthrene, anthracene, and pyrene were also detected in the pyrolysis products from microwave pyrolysis of waste oil [65,76] and sewage sludge [77]. Thus, these studies imply that further investigation is needed to perfect the pyrolysis process conditions in order to improve the production of valuable pyrolysis products whilst controlling the formation of potentially toxic compounds described above. Some of the applications of microwave pyrolysis in the treatment and energy recovery from waste materials are further presented and discussed in the following Section 4.1, Section 4.2, Section 4.3, Section 4.4 and Section 4.5.



4.1. Waste Automotive Engine Oil


Microwave pyrolysis has recently shown excellent potential for recycling waste oil [65,71,76,78]. By pyrolysing the waste oil in a modified microwave oven in the presence of a bed of particulate-carbon as the microwave-absorbent, hydrocarbons (of smaller molecular size than those present in the waste oil) and H2 are generated and these have potential for use as either an energy source or industrial feedstock [65,78]. The waste oil is a poor microwave-absorbent on its own due to its non-polar nature, therefore it requires heating by contact with materials with high microwave absorbency in order to achieve pyrolytic thermal cracking [65].



The pyrolysis generated a high yield (88 wt.%) of a condensable oil product that contains substantial concentrations of potentially valuable light aliphatic and aromatic hydrocarbons [71], and with fuel properties comparable to transport-grade fuels [65]. The oil product showed a high recovery of the calorific value present in the waste oil, is relatively contaminant free with a low content of sulphur, oxygen, and residue, and is almost entirely free of metals [76]. In addition, the oil product is reported to show a low toxic risk and contain negligible or minor amounts of toxic polycyclic aromatic hydrocarbons (PAHs) compounds [76], which was the case for oil products from conventional electric-heated pyrolysis of waste oil [26,79]. The authors claimed that the oil product could potentially be treated and upgraded to transport grade fuels, or added to petroleum refinery as a chemical feedstock for further processing, although further studies are needed to confirm these possibilities. Figure 3 shows a schematic representation of the generation of oil product comparable to commercial gasoline fuel from microwave pyrolysis of the waste oil.
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Figure 3. Schematic representation of the generation of gasoline-like oil product from microwave pyrolysis of waste oil [65]. 
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The pyrolysis process also produced an incondensable gaseous product that contains light aliphatic hydrocarbons and syngas that could potentially be used as a gaseous fuel and chemical feedstock [78]. In particular, the hydrogen obtained can be potentially used as a second-generation fuel or synthesis chemical, and the CO could be steam-reformed to produce more hydrogen. The light C2-C6 hydrocarbons generated can also be reformed easily to produce additional hydrogen or to be extracted for use as chemical feedstocks. The gaseous product could be burned directly in gas engine or fuel cells, or upgraded to produce hydrogen, and synthetic fuel (via Fischer–Tropsch process). Figure 4 shows a schematic representation of the generation of light aliphatic hydrocarbons and syngas from microwave pyrolysis of the waste oil.
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Figure 4. Schematic representation of the generation of light aliphatic hydrocarbons and syngas from microwave pyrolysis of waste oil [78]. 
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Additionally, the pyrolysis generated a char product that contained the majority of metals originally present in the waste oil, providing a convenient opportunity for the efficient recovery of these metals [76]. The char can be readily separated from the particulate-carbon particles by sieving, and the particulate-carbon bed can be repeatedly re-used as the microwave-absorbent (heating medium) after the separation, as a result of the fact that the majority of the metals were found to be present within the char particulates, resulting in very low levels of residual metals being retained within the particulate-carbon bed itself. The microwave apparatus was operated with an electrical power input of 7.5 kW and was capable of processing waste oil at a flow rate of 5 kg/h with a positive energy ratio of 8 (energy content of hydrocarbon products/electrical energy supplied for microwave heating) and a net energy output of 179,390 kJ/h [65].



The product compositions, which are different to those formed in conventional pyrolysis of oils, can be attributed to the unique heating mode and the chemical environment present during microwave pyrolysis, and chemical mechanisms for the production of the various products were proposed [65,78]. The authors demonstrated that microwave pyrolysis offers an exciting new approach to treat and transform the waste oil into valuable hydrocarbon feedstocks and gases.




4.2. Plastic Wastes


Microwave pyrolysis has been successfully applied to high density polyethylene using a stirred carbon bed, producing a high yield of oil/waxes (80%) at 500 °C and 600 °C [7]. This work has been extended to aluminium-coated packaging waste, where the pyrolysis process was performed to separate aluminium from aluminium-coated polymer laminates found in toothpaste tubes and de-pulped drink-cartons (e.g., Tetrapacks) [7]. The process showed great promise as a separation technology as almost the entire aluminium fraction could be recovered from the waste packaging.




4.3. Biomass Wastes


Sewage sludge is an environmentally hazardous, high-volume waste that has become a major concern for modern society. The existing disposal processes, such as landfilling and incineration, are becoming increasingly impracticable as concerns over environmental pollution and high treatment costs are recognised due to contaminants present in sewage sludge [35]. In addition, the high treatment costs are partly due to the need to remove the high amounts of water present in the sludge. In view of the limitation associated with current disposal methods, a great deal of studies has been performed to develop microwave pyrolysis as an alternative to treat and recycle sewage sludge [62,74,77,80,81]. In these studies, sewage sludge was mixed with small amounts of the char produced from previous runs and subjected to microwave pyrolysis treatment at 1040 °C. The authors demonstrated that the use of microwave heating is effective in drying the sewage sludge during the initial stage of the pyrolysis process. Then, the steam produced by the microwave-induced drying could be used to gasify the products generated from the pyrolysis process. The authors claimed that the microwave pyrolysis method showed advantages over conventional pyrolysis in providing drying, pyrolysis, and gasification treatments to sewage sludge at the same time while generating a high yield of a gaseous product containing valuable syngas (up to 66 vol%) and a small amount of oil product with a low content of PAHs. In contrast, they reported that the oil product obtained from conventional pyrolysis of sewage sludge contained mostly of PAHs. Tian et al. [72] have recently demonstrated the use of microwave pyrolysis to produce bio-oil from sewage sludge. The authors claimed that a high yield of bio-oil could be obtained at a microwave power ranging from 400 to 600 W, and the bio-oil could potentially be used as a bio-fuel.



In addition to sewage sludge, microwave pyrolysis has been used to produce hydrogen rich fuel gas from coffee bean hulls [12], rice straw [69], straw bale [70]. The authors claimed that a high yield of gaseous product (~70 wt%) was obtained at a pyrolysis temperature of 1000 °C. The gaseous product also showed a greater content of H2 (35–50 vol%) and syngas (50–72 vol%) than that produced during conventional electric-heated pyrolysis under similar conditions (with a H2 content of 30 vol% and a syngas content of 53 vol%).



Microwave pyrolysis has also been employed to convert wood block to tar (up to 30 wt%), oil, and charcoal [82]. The diffuse nature of the electromagnetic field allows microwave heating to evenly heat many substances in bulk [61], and thus allowing the processing of large wood samples without the need of a pre-treatment process such as pulverisation. The author demonstrated that microwave pyrolysis showed advantages in providing a rapid heating and less power consumption when compared with conventional pyrolysis.




4.4. Hazardous Waste Processing


Microwave pyrolysis has also been successfully used to transform car tyres into carbon black, steel, liquid hydrocarbon oil, and gaseous hydrocarbons [75]. In addition, the pyrolysis has been applied to decontaminate oil-contaminated drill cuttings [33]. The authors demonstrated that the pyrolysis can be performed without the need for an appropriate intermediate microwave receptor, as the water present in the cuttings can directly be used as a microwave-absorbent to generate heat in order for pyrolysis to occur. However, the extent to which the process actually decontaminates the cuttings has yet to be fully investigated. Chlorodifluoromethane is another hazardous waste that has been processed using microwave pyrolysis in a microwave-heated fluidised bed [83]. The authors claimed that microwave pyrolysis showed advantages in providing a rapid heating process to pyrolyse the waste without overheating the reactor walls.




4.5. Production of Synthetic Fuel


Coal has been processed with microwave pyrolysis at high temperatures (up to 1300 °C) using a variety of intermediate microwave receptors (i.e., coke, Fe3O4, CuO) in order to produce condensable tars suitable for use as a fuel [39]. A 20 wt% yield of condensable tar was achieved in the presence of coke, whereas a yield of 27 wt% was recorded in the presence of Fe3O4, and a maximum yield of 49 wt% was obtained in the presence of CuO. The authors claimed that coal (which is known to be a poor microwave-absorbent) can be efficiently processed with microwave pyrolysis in the presence of inorganic oxides as the microwave receptor, although the coal heats up slowly on its own when subjected to microwave radiation and is transformed into carbon black.



Oil shale is another material that has been processed by microwave pyrolysis at a temperature of 700 °C, producing 6 wt% of oil product and 10 wt% of gaseous product [41]. The authors found that the product yields obtained by microwave pyrolysis were similar to those obtained by conventional pyrolysis, but they claimed that microwave pyrolysis promoted a different product composition as more cracking was observed and this resulted in production of lower amounts of polar, sulphur, and nitrogen compounds.





5. Conclusions


Up to now research in microwave pyrolysis has been centred on its application to treating wastes such as plastic waste [7], sewage sludge [74], scrap tyres [18], wood blocks [82], oil shales [41], and various organic wastes [84]. However, despite the variety of research that has been conducted on microwave pyrolysis, the growth of industrial microwave heating applications is hampered by an apparent lack of the understanding of microwave systems and the technical information for designing commercial equipment for these pyrolysis processes. Also, there have been no reports on the economic assessment of the microwave pyrolysis in order to determine the economic viability of the process, and limited information is available on the economic evaluation of the other pyrolysis processes in the literature, thus no economic comparisons have been made to date.



Consequently, despite the advantages shown by microwave pyrolysis, the use of this technology for waste treatment has not been extensively exploited. It was revealed that many important characteristics of the microwave pyrolysis process have yet to be raised or fully investigated, e.g., the influence of key process parameters on the yield and chemical composition of the product, the heating characteristic of a substance, and the production of any toxic compounds during the pyrolysis by microwave radiation. In addition, research on microwave pyrolysis has so far focused on pyrolysis performed in batch or semi-batch operation using typical process configurations that have also been used for conventional pyrolysis such as rotary kilns and fixed beds, where certain limitations of these processes have caused problems in treating real wastes such as waste oil. Thus, these limitations make it difficult for the pyrolysis processes to be optimized and demonstrated to be commercially attractive.



So far, there has been little research reported on the microwave pyrolysis of waste materials. It was established that current microwave pyrolysis techniques offer a number of advantages and show excellent potential for treating waste materials. However, it was found that such practice possesses limitations and uncertainties and there are still gaps to be filled in order to fully exploit the advantages of using microwave pyrolysis process in the treatment of waste materials. Hence, the main aim of using microwave pyrolysis is to provide an alternative pyrolysis process by making use of the high temperatures that the carbon bed can reach when subjected to a microwave field. This alternative way of heating is reported to have advantages over other conventional pyrolysis processes on account of better heat transfer to the waste materials, good control over the heating process as well as offering a very reducing chemical environment.



In summary, this literature review has revealed several aspects of microwave pyrolysis that need to be examined to investigate whether this particular pyrolysis technique is optimal for the treatment and energy recovery from waste materials. However, in view of mainly positive findings reported in the literature on the microwave pyrolysis studies, it would be worthwhile to carry on researching further aspects of microwave pyrolysis of waste materials in order to explore the full potential of this process. The optimisation of this process and the subsequent scale-up to a commercial scale will depend on how well the parameters involved in this new process and their relationships are understood.
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