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Abstract

Bioenergy, derived from biomass and/or biological (or biomass-derived) waste residues, has
been acknowledged as a sustainable and clean burning source of renewable energy with the
potential to reduce our reliance on fossil fuels (such as oil and natural gas). However, many
bioenergy processes require some form of pre-treatment and/or upgrading procedure for
biomass to generate a modified residue with more suitable properties and render it more
compatible with the specific energy conversion route chosen. Many of these pre-treatments
(or upgrading procedures) involve some form of substantive heating of the biomass to
achieve this modification. Microwave (MW) heating has attracted much attention in recent
years due to the advantages associated with dielectric heating effects. These advantages
include rapid and efficient heating in a controlled environment, increasing processing rates
and substantially shortening reaction times by up to 80%. However, despite this interest, the
growth of industrial MW heating applications for bioenergy production has been hindered by
a lack of understanding of the fundamentals of the MW heating mechanism when applied to
biomass and waste residues. This article presents a review of the current scientific literature
associated with the application of microwave heating for both the pre-treatment and
upgrading of various biomass feedstocks across different bioenergy conversion pathways
including thermal and biochemical processes. The fundamentals behind microwave heating
will be explained, as well as discussion of the imperative areas which require further research
and development to bridge the gap between fundamental science in the laboratory and the

successful application of this technology at a commercial scale.
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1 Introduction

Biomass has the potential to become a major global energy source, with the ability to make a
substantial contribution to the sustainable future energy demand [1]. Biomass resources can
be considered as organic matter in which solar energy is stored in the chemical bonds of the
molecules within the feedstock. When these bonds between adjacent carbon, hydrogen and
oxygen atoms are broken this stored, chemical energy is released [2]. Furthermore, energy
carrier sources, otherwise known as ‘biofuels’, that can be produced from such bio-based
materials have the potential to reduce atmospheric CO; emissions. This is due to a balance in
net COz, since the CO; which is released from the burning of the biofuel is proportional to the
CO, that was fixed from the atmosphere by the plant during photosynthetic biosynthesis [3].
At present, biomass is the largest contributor towards renewable energy, as forestry,
agricultural and municipal residues and waste have all been used as the principal feedstocks
for the production of electricity and heat [4]. Within the European Union, biomass accounts
for more than 62% of all renewables, with wood accounting for approximately 80% of the
biomass used for renewable energy [5, 6]. In the transport sector, biofuels are already widely
deployed in several countries and are being produced on a commercial scale. This is mainly
1%t generation bioethanol from corn and sugar cane in Brazil and 2™ generation bioethanol

from straw and corn stover in the US [7].

There are a number of different bioenergy routes (processes) that can be applied to convert
raw biomass feedstocks into final energy and chemical products which are typically divided
into two main categories: thermochemical and biochemical conversion routes. Figure 1
illustrates the main bioenergy conversion routes that have already been successfully
employed or are currently the subject of further research and development for the production

of renewable fuels. Other routes may require the inclusion of a biomass pre-treatment step



(such as applied thermochemical pre-treatment prior to enzymatic saccharification in the case
of bioethanol production) or biomass upgrading [8]. Each different route typically consists of
a series of conversion steps that transform the raw biomass feedstock into an energy carrier
such as heat, electricity or liquid or gas-based biofuel [1]. The preferred bioenergy
conversion route often depends on many factors such as specific feedstock type and the
quantity available, the desired form of the energy product, the current availability of the
processing technology, environmental standards and the economic conditions [1, 2]. However
in most cases, it is ultimately the form in which the energy is required that is the main

governing factor, followed by the availability and quantity of biomass feedstocks [2].

Although biomass has the potential to produce both cleaner-burning and also more
sustainable sources of fuels compared to fossil fuels, there are disadvantages associated with
the use of biomass feedstocks. For example, their lower energy densities and heterogeneity in
physical nature make handling, transport and storage more complex and more expensive than
fossil fuels [9]. Furthermore, there is a high degree of variation in the chemical composition,
moisture and alkali contents across different biomass feedstocks. This requires some form of
pre-treatment in order to meet the requirements for quality and homogeneity for the
successful application of many conversion technologies [1]. Biomass upgrading and/or pre-
treatment protocols are therefore key steps required for the efficient conversion of biomass
into energy products and can significantly affect both the efficiency and choice of
methodology of the subsequent energy process [10]. The primary goal of pre-treatment is to
overcome the recalcitrant nature of the feedstock [11] and to modify its structure; making the
feedstock more amenable for conversion into a final product. Pre-treatments also serve a
purpose of increasing the surface area and pore volumes [12, 13]. However to include such a
step in a biomass conversion process is relatively expensive and in the case of bioethanol

production for example, pre-treatments may contribute to ca. 18% of the total production cost



[14-17]. Nevertheless, enhancing the final product yield (e.g. biofuel yield) through improved
and optimised pre-treatment applications could significantly reduce the costs of prior process
units; hence the overall cost of the production process can be reduced by increasing the pre-
treatment efficiency [18]. Therefore, an ideal pre-treatment should be one that is suitably
affordable with relatively low energy requirements, low resource consumption and limited
waste streams to make the overall process environmentally friendly and sustainable. Above
all, the pre-treatment and/or biomass upgrading process should aim to overcome the natural
challenges imposed by notoriously recalcitrant and heterogeneous feedstock materials and
generate a residue with a modified structure that may give it ideal properties that are more

compatible with the chosen energy conversion route.

The development of microwave (MW) technology has gained an increasing amount of
attention as an alternative non-conventional heating source that can be applied for the
processing of biomass and wastes [19, 20]; particularly for the pre-treatment and biomass

upgrading steps.

The purpose of this review article is to identify and discuss the latest scientific literature
associated with the application of MW heating to pre-treat and upgrade biomass. This review
is structured in two main parts. The first part focusses on the latest research developments
which use MW-based heating as a means to upgrade and pre-treat different feedstocks. The
application of dielectric heating across different conversion routes within the sustainable
energy spectrum are collated and will be discussed to establish the advances MW heating has
had across the various areas of bioenergy and biochemical production. Particular attention
will be devoted to explain how MW pre-treatment/upgrading has overcome hurdles involved
with each bioenergy route. The second part discusses the technological challenges that
currently exist with the technology and the future areas of research that need to be addressed

if this form of heating is to become widely industrially applied. This review will be of benefit

7



to those who are not experts with the use of MW technology and the understanding of electric

field theory, yet utilise MW based systems to pre-treat and upgrade biomass.

2 Microwave heating — the fundamentals

Microwaves (MW) are a form of electromagnetic energy located on the electromagnetic
spectrum between 300 and 300,000 MHz; a region that lies between infrared and radio
frequencies and correspond to wavelengths of 1 cm to 1 m [21, 22]. In order to avoid
interference with telecommunications and mobile cellular phone frequencies, most
microwave reactors (that are typically used for chemical synthesis reactions) and domestic
microwave ovens operate at a frequency of 2.45 GHz or around 900 MHz, whilst other
frequencies are reserved by the Federal Communications Commission (FCC) for industrial,

scientific and medical purposes [23, 24].

MW heating occurs due to two main mechanisms, which efficiently induce rapid heating
when MWs are in contact with polar molecules or ions; dipole rotation and ionic conduction.
Dipole rotations are interactions that occur as polar molecules attempt to realign themselves
with the rapidly oscillating electric field of the MW [25, 26]. During this phenomenon,
energy is lost in the form of heat through molecular friction and dielectric loss [24] (Figure
2). When a MW-absorbing material is placed within an alternating electric field energy is
irreversibly absorbed, which results in rapid ‘volumetric’ heating. Figure 2 illustrates this
type of heating, as the centre of the block of wood has clearly been heated to a significantly
higher temperature than the outer material. Essentially, MW heating is the reverse of
conventional heating, where heat is transferred to the surface of a material (from an external
heat source) by conduction/convection or radiation and is then transferred towards the cooler
interior regions by thermal conduction. MW heating can therefore be described as a form of

energy conversion rather than a form of heating; as electromagnetic energy is converted into



heat [27]. This unique inverse heating profile mechanism offers many benefits such as an
increase in energy transfer efficiency and reductions in process heating time (to achieve a
given temperature). Unlike conventional heating methods, the heating effect is almost
instantaneous; no time is spent waiting for the source to heat up or cool down [28].
Furthermore, it enables better control of the heating process itself and eliminates the risk of
the sample surface overheating and possibly degrading (whilst the inner part has not yet been
heated) and as such this could be a useful technique that could be applied for the drying of

wet materials [29].

However, not all materials have the ability to absorb MWs. Materials can be generally
categorised as either (1) MW-transparent/insulator (e.g. glass and ceramics) where the MW's
pass through the material without any losses, (2) MW-conducting (e.g. metals) in which the
MW do not penetrate and are instead reflected, or (3) MW-absorbing (e.g. polar molecules
such as water) where the MWs are absorbed and converted into heat [27]. The relative extent
of MW heating of any given material can be determined by a term called the ‘loss tangent’

(tan o) defined by the following equation:

&rn

tan § = [1]

where ¢’ is the dielectric constant of the material (the ability of the material to store
electromagnetic energy) and ¢’ is the dielectric loss factor (the ability of the material to
convert the stored electromagnetic energy to heat). In general, materials can be classified as
high (tan 0 > 0.5), medium (0.1 - 0.5) and low microwave absorbing (< 0.1) [30]. Materials
which exhibit a low tan ¢ value are not necessarily exempt from being used in a MW heating

system provided that high intensity electric fields are supported.

Many studies cite energy efficiency as an advantage of microwave heating, however the
energy input required to heat a given quantity of biomass will be the same, regardless of
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whether MW or conventional heating methodologies are used [31-33]. The advantages of
MW heating are related to selective and volumetric heating, rather than energy. Selective
heating occurs when a feedstock is heterogeneous, and contains different materials or phases
with different tand values. Components with higher tand values will attain higher
temperatures than those with lower tand values, leading to thermal gradients within the
biomass that are unique to MW heating and have the potential to alter the decomposition
pathway and subsequent product chemistry. Selective heating also allows biomass to be
heated directly within a cold environment, without the need for hot gases or ablative surfaces.
Volumetric heating allows conventional heat transfer limitations to be overcome, resulting in
much higher heating rates, smaller processing equipment and the ability to process large
particle sizes [27, 33]. The overall process system can benefit from volumetric heating as the
overall flowsheet can be significantly simplified, with reduced requirements for feedstock
size reduction, hot gas handling and recovery systems and the overall size of the equipment.
Whilst the energy requirements are comparable with conventional processes, MW heating
offers opportunities to reduce the capital cost of the processing system and the ability to

produce products that are unobtainable with conventional systems.

3 Applications of microwave heating to pre-treat biomass

A number of alternative pre-treatment technologies are currently being applied for the
intensification of biomass and waste, which include ultrasound assisted processing [34-37],
steam explosion [38-40], ammonia fiber explosion (AFEX) [41-43], and extrusion [44-46].
However MW technology represents an alternative and reliable option to conventional
thermal and/or sonochemical pre-treatment systems, and has applications across many
different energy conversion routes. It enables the use of an alternative type of chemistry

(which is specifically unique due to its internal heating phenomenon) and thus guarantees

10



heating rates that rapidly achieve the target reaction temperature [47-49]. In this section, a
selection of different thermal and biochemical processing routes which have applied the use
of MWs to both upgrade and pre-treat biomass are discussed and the latest literature is

evaluated, with specific reference to the effects of MW treatment on the biomass.

3.1 Thermal processing

3.1.1 The effects of MW-drying on biomass

Drying is usually a necessary pre-requisite prior to biomass processing [50], however it is
one of the most energy-intensive unit operations in post harvesting processing of biomass
[51]. The primary aim of reducing the water content of biomass is 1) improve the energy
efficiency of further biomass processing, 2) improve product quality and 3) prolong the shelf-
life of products (which may be produced via different bioenergy conversion routes). This is
achieved by reducing the water content to a level low enough to prevent the growth of
microorganisms, reduce enzymatic reactions and any other deteriorative reactions [51]. This
is certainly the case for pyrolytic derived bio-oil, as phase separation will occur if the water
content of the bio-oil is over 30% [52]. Furthermore, the calorific value and the quality of the
fuel ultimately produced will decrease if water is present [53]. In order to reduce the
probabilities of this from occurring, reducing the moisture content is a crucial pre-treatment
step for biomass processing. A moisture content of ca. 10% is the ideal target required prior
to processing [54, 55], however the drying process of biomass feedstocks, if performed using
conventional heating, can consume up to 60% of the total energy that is required to produce
the biofuel itself [56]. In contrast MWs are capable of drying biomass at a higher rate with a
more effective distribution of heat than conventional hot air drying [57-59]. Interestingly,
research has shown that the MW-based drying of biomass can improve pore structure, which

ultimately optimises the combustion properties of the raw material [60, 61].
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A study by Wang et al [54] investigated the effects of MW drying on three different biomass
wastes (pine wood sawdust, peanut shell and maize stalk) prior to pyrolysis. The study
analysed the influence of MW drying (at four different power levels — 200, 400, 600 and 800
W) on the subsequent behaviour of biomass pyrolysis, compared to pyrolysis after
conventional drying. The first noticeable difference was the fast drying rate and removal of
water from the feedstocks; 6 min at 600 W in a MW oven compared to 40 min at 105°C in a
conventional oven. When samples of biomass dried at 600 W for 6 min were selected for
pyrolysis, it was noticed that the yields of bio-oil and char increased while the yield of gas
decreased. The authors suggested that this observation may be attributed to a decrease in
secondary reactions of volatile compounds produced, thus resulting in increased bio-oil and
char fractions. MW drying was also shown to improve the combustion performance of food
waste by up to 35% compared to electrically dried samples, as a study by Liu et al [62]
demonstrated that MW drying at 1500 W accelerated the combustion kinetics by reducing the
ignition temperature and increasing the activation energy at high temperatures. The MW
drying characteristics of the highly abundant and lipid rich microalga Chlorella vulgaris were
analysed for its suitability for biofuel production [55]. The study revealed that MW drying of
the microalga at a power intensity of 20 W per g (of algae) was ideal for biofuel production
as this setting gave a lower specific energy requirement and produced a dried residue that still
retained a high lipid content; therefore rendering it an ideal feedstock for biodiesel
production. It can therefore be concluded that MW-based drying of biomass is highly
effective before its subsequent conversion to a final product of energy, (regardless of the
actual method for conversion used). Despite the reported MW energy consumption being
higher than conventional oven drying, the significantly shorter processing time and enhanced

quality of targeted products can offset the extra energy required.
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3.1.2 MW-induced dry-torrefaction of biomass

Dry torrefaction (DT) is a biomass pre-treatment process that is considered to be the least
severe form of thermochemical processing. DT is a low temperature process (200-300°C)
that takes place in the absence of oxygen for a duration of ca. 1 h or less [63]. The process
yields a solid product that has improved combustible properties with an increased energy
density than the original untreated biomass [64, 65]. DT induces changes in the biomass due
to the thermal decomposition of hemicellulose and the partial depolymerisation of lignin and
cellulose, which as a result produces a torrified biomass with a higher carbon content, but a
lower overall mass and a higher calorific value [66]. Additionally, torrified biomass is
hydrophobic, resistant to biological decomposition, has improved grindability and when
pulverised and displays more uniform and smaller particle sizes [67]; properties which are
better fuel characteristics for combustion and gasification purposes and exhibit similar
characteristics to coal [65]. Most of the studies on the DT of biomass have used conventional
heating methods as the heating source, and the effects of various processing temperatures and
times have been investigated [68-70]. However in the last few years, MW induced DT of
biomass has become a growing area of research. Table 1 summarises the different biomass
feedstocks which have been torrified by means of microwave heating. These include corn
stover [71, 72], rice straw and pennisetum [73], along with the treatment conditions and the
characteristics of the torrified biomass product. The majority of the studies listed in Table 1
investigated the effects of different experimental conditions including microwave power,
processing time, biomass water content as well as particle size on the characteristics of
torrified biomass. The key findings from most of these studies revealed that microwave
power and reaction time were the primary factors which affected the torrefaction process,
whereas the moisture content of the biomass did not have a significant effect [73-76]. Due to

the fact that water is a good susceptor of MW heating [77], biomass can be directly torrified
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without the requirement of a pre-drying step. Compared with conventional heating methods,
comparable mass and energy yields can be achieved by microwave heating at lower power
levels and shorter reactions times; implying that the energy input of microwave torrefaction is
lower [73]. MW induced dry-torrefaction also significantly improved fuel characteristics such
as the Hydrogen/Carbon and Oxygen/Carbon ratio, Higher Heating Value (HHV; indicative
of calorific value) and the energy density of the torrified samples [76]. Furthermore, the
grindability and hydrophobicity of the torrified biomass is greatly improved by MW
torrefaction [74], which may be attributed to the unique selective heating mechanism of
MWs. However in the work conducted by Satpathy et al [74], it was noticed that MW heating
at low power and short reaction times unevenly heated the biomass and produced a torrified
biomass containing ‘hot spots’. This phenomenon is typically seen as a result of MW heating,
due to the non-homogenous nature of the biomass sample in conjunction with the selective
heating mechanism of MWs and the uneven distribution of the electric field as a consequence
of the use of non-optimised MW ovens. In order for the MW-torrefaction of biomass to
become a competitive technology that generates torrified biomass efficiently, bottlenecks
associated with MW heating (such as the aforementioned heating hot spots) need to be
addressed and overcome through electromagnetic design of the torrefaction reactors. These

issues are addressed and discussed later in this review article.

3.1.3 MW-induced wet-torrefaction of biomass

Wet torrefaction (WT), additionally known as hydrothermal pre-treatment, refers to the
heating of a suspension of biomass and subcritical water at 180-250°C under a self-generated
saturation pressure, typically with reaction times between 30 min and several hours [78-80].
The process, which is exothermic, generates three main products: gases, aqueous chemicals
and a solid residue (hydrochar) [81] which is the main product of WT accounting for up to

88% of the mass and almost 90% of the energy in the raw biomass [82]. The mechanisms
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involved in the WT of biomass generally differ to the mechanism of the DT variant. DT
includes the following reactions: decarboxylation, dehydration, de-carbonisation, de-
methoxylation, intermolecular rearrangement, condensation and aromatization chemical
reactions [83]. In contrast, due to the presence of compressed water in WT, a hydrolysis
process mechanism is followed which cleaves the ester and ether bonds between molecules
and in so doing, the activation energies for the depolymerisation reactions of the biomass
polymers decrease [84]. Consequently, the degradation of hemicellulose during WT is higher
than that in the DT process. The WT process is considered to be less toxic and more
environmentally friendly compared to DT, as the only input streams are the biomass itself,
water and an inert gas. In addition the fuel properties, including the energy density and the
HHYV of the torrified product are superior to those obtained with DT [85]. The application of
biomass WT has gained popularity due to its suitability for upgrading biomass and/or
biomass wastes which contain relatively high amounts of moisture (typically above 50% [wet
basis]) [86]. Just like DT, WT does not require a pre-drying of the raw biomass; making this
form of pre-treatment economically attractive. This implies that a wider range of biomass
feedstocks (including aquatic based biomass for example) may be suitable for WT pre-
treatment and ultimately the solid fuels produced have increased calorific value, improved

grindability and pelletability, and a lower ash content [78].

Published research using MW-assisted heating for WT of biomass is scarce and only a small
number of studies can be found in the scientific literature. However, increased numbers of
research groups have started to evaluate the potential of using MW-WT on a number of
different biomass feedstocks with subsequent evaluation of the energy properties of generated
hydrochars. Chen et al [87] used MWs to torrify sugarcane bagasse and found that the energy
density and heating value of the torrified feedstock had improved by 20.3% compared to DT.

A study by Elaigwu and Greenway [88] compared the energy yields of hydrochars prepared
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by MW-WT of rapeseed husks. The subsequent hydrochars produced were generated by
heating the biomass in deionised water in a MW oven at temperatures of 150-200°C for a
specific period of time. The study found that higher reaction temperatures and longer
residence times had led to an increase in the heating value of the hydrochars by
approximately 32% at 200°C and by 25% for 30 min. In a separate study, bamboo was
subjected to MW-WT in dilute hydrochloric acid solutions and water at 180°C for 5-30 min
[81]. The group found that after MW-WT using 0.2 M HCI for 20 min the higher heating
value (HHV) of the hydrochar (24.86 MJ kg!) was higher than Converse School-Sub coal
(21.67 MJ kg') and comparable with German Braunkohole lignite (25.10 MJ kg!). This
study revealed the potential of producing hydrochars via MW-WT with either similar or even
higher HHV than examples of coals already used in industry. For the first time, the effects of
MW-WT on the heating values and fuel properties of hydrochar produced from a microalgal
species (in this case from Chlorella vulgaris ESP-31), were investigated in the work of Bach
et al [89]. The calorific value of the microalga was intensified by up to 21% and also up to
61.5% of the energy in the alga was retained after MW-WT. A further finding from this work
was the significant reduction in the content of ash between the initial microalgae biomass and
the generated hydrochar. This highlights the potential of using MW-WT as an effective
method to pre-treat biomass feedstocks with high ash contents, and reduces the possibilities
of ash related problems associated with microalgal utilisation for solid fuels. Macroalgae
(seaweeds) are another feedstock that are high in ash, with some species such as Palmaria
palmata having an ash content as high as 25.7% [dry weight basis; d/w] [90]. These contents
are substantially higher than the amounts present in most terrestrial plants in their native
(non-pre-treated) form, as seaweeds have the ability to easily absorb inorganic substances
from their environment [91]. At the time of writing, only one paper had been published which

evaluated the HHV of brown seaweed Ascophyllum nodosum residue that was recovered after
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MW- assisted acid hydrolysis [92]. Although this work is traditionally classified as WT, it did
however demonstrate that MW heating of seaweed with an additional acid catalyst can
efficiently produce a liquid product stream rich in sugars and also a hydrochar residue with
an energy yield of more than 50% in one process. Furthermore, optimal pre-treatment
parameters generated a hydrochar that had a HHV of 24 MJ kg'!; which represents a residue
with solid fuel potential. It is important that this type of pre-treatment is explored in greater
depth with alternative species of seaweed and also other biomass types that are high in both
water and ash, as there is clearly scope for further technological improvements that may

further improve process yields.

3.1.4 MW-assisted organosoly pre-treatment

Pre-treatments that use organosolv are utilised to specifically target the lignin component of
lignocellulosic biomass and induce delignification via the cleavage of ether linkages within
the lignin complex [93]. Typically, after organosolv pre-treatment of lignocellulosic biomass,
three main fractions are produced; a cellulose-rich fraction, an organosolv lignin fraction and
a water soluble fraction mainly containing acid soluble lignin, sugar degradation products and
hemicellulose-based monosaccharides such as galactose, xylose and arabinose [93]. A variety
of different organic compounds (mainly bulk commodity chemicals) can be used as solvents
in organosolv pre-treatment, including ethanol, methanol, formic acid, ethylene glycol,

glycerol, acetic acid and formic acid [94].

MW-assisted organosolv pre-treatment has proved to be a versatile pre-treatment method
prior to fast pyrolysis of biomass [95, 96]. Fast pyrolysis is a thermal decomposition process
involving the extremely rapid (ca. 1 second) heating of biomass in an inert environment up to
temperatures around 500 °C [97]. The process results in the formation of three fractions

obtained from the rapid quenching of released volatiles from the process; biochar, bio-oil and
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gas [98]. Levoglucosan is a pyrolytic by-product found in the bio-oil fraction which could
either be directly fermented to bioethanol by engineered strains of Escherichia coli [99] or
acid hydrolysed to glucose which is then used as a carbon source precursor for the production
of ethanol via fermentation with Saccharomyces cerevisiae [100, 101]. Figure 3
schematically outlines the process of applying MW-assisted organosolv pre-treatment to
biomass prior to fast pyrolysis and possible routes of bioethanol production from
levoglucosan (from the bio-oil fraction). Studies have revealed that levoglucosan can be
directly produced from the fast pyrolysis of cellulose [102]. However, levels quantified in
bio-oil are usually low and considered insufficient to produce high enough yields of ethanol
to be economically viable. This is mainly due to the fact that cellulose in lignocellulosic
biomass is trapped within a complex matrix composed of hemicellulose and lignin that are all
chemically bound (Figure 4), and overcoming the high recalcitrance of this complex to access
cellulose has proved to be challenging. However, MW-organosolv pre-treatment is in fact an
energy-saving method (compared to conventional heating organosolv pre-treatment) that has
the potential to selectively remove the lignin fraction of biomass. It also produces a pre-
treated residue enriched in cellulose [95]; ultimately aiding the achievement of levoglucosan
yields that are close to the theoretical maximum yield (based on cellulose content). In the
works of Zheng et al, corncobs [96], pine, eucalyptus and straw [103] were subjected to MW-
assisted organosolv pre-treatment with glycerol in an atmospheric MW reactor and the
generated residues were subsequently pyrolysed. Pre-treatment parameters such as MW
power and residence time were investigated in order to identify optimum conditions that
would produce a pre-treated residue which when pyrolysed could yield high levoglucosan
levels. This would essentially entail producing a pre-treated residue with an enriched
cellulose fraction and also a low lignin content. Both studies revealed MW-assisted

organosolv pre-treatment (utilising glycerol) to be an efficient method for improving the yield
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of levoglucosan liberated from the fast pyrolysis of agricultural feedstock residues. Yields of
the anhydrosugar from pine, eucalyptus and straw that were each pre-treated at 150 W for 20
min reached as high as 33.2%, 59.4% and 36.0%, respectively [103] and the yields from the
fast pyrolysis of corncob pre-treated at 150 W for 18 min was almost 189 times higher than
that of raw corncob [96]. Alongside the selective removal of lignin and hemicellulose, the
MW-assisted organosolv pre-treatment of corncobs also aided in the removal of alkali and
alkaline earth metals from the material. The authors stated that demineralisation of the
biomass aided in obtaining high yields of levoglucosan. It is evident that MW-assisted
organosolv pre-treatment is ideal prior to fast pyrolysis, and a wider range of organic
compounds (other than purely glycerol) should be examined with a range of feedstocks in
order to identify whether certain biomass feedstocks are better suited to pre-treatments with
specific organic compound catalysts. Of course this would ultimately depend on knowing

what specific components were to be targeted for product generation via pyrolysis.

3.2 Bio-chemical processing

3.2.1 MW pre-treatment for bioethanol production via fermentation

Bioethanol, which can be derived from sugar-based biomass through fermentation processes,
is one option for the generation of energy-rich transportation fuels [104-106]. The production
of bioethanol from lignocellulosic biomass generally consists of a chemical pre-treatment
(acid/alkali/solvent) followed by the subsequent enzymatic hydrolysis of polysaccharides into
their respective monosaccharide constituents. In this instance, the pre-treatment step is used
to enhance the liberated sugar yields achieved through the enzymatic saccharification. This is
then followed by the fermentation of the liberated sugars into ethanol using suitable strains of
yeast, and finally the separation and purification of this bioalcohol [107]. Traditional
feedstock materials such as corn, wheat and sugarcane (1% generation biomass) have been

widely exploited to generate bioethanol [108], however controversy over their use for fuel
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applications has led to the ‘food vs fuel’ debate [109]. Therefore, attention has been diverted
to lignocellulosic bio-crops (2™ generation biomass) and marine crops, both micro and
macroalgae (3"/advanced generation biomass) as alternative feedstocks. Lignocellulosic bio-
crops such as wheat straw, corn stalks, wood chips and sugarcane have been well investigated
in the last decade, mainly due to the fact that these plant biomasses are derived from
inexpensive and abundant non-edible portions of the plant [110]. Despite the advantages 2
generation biomass has over first generation crops, the full potential of 2™ generation
bioethanol is yet to be fully exploited. This is because of the lignocellulosic complex and its
resistance to depolymerisation (as depicted in Figure 4). Three main components form the
basis of the lignocellulosic material that is found within the plant cell wall; cellulose,
hemicellulose and lignin. A high degree of complexity, polymerisation, and crystallinity
exists within this material and its highly amorphous structure gives rise to a complex that
makes biodegradation, chemical or enzyme-based digestions challenging. The lignocellulosic
material itself is considered to have been produced as a direct response to the co-evolution of
plants with animals and other potential predators (such as certain microbial species) which
may attempt to use the plant directly as a source of food [111]. Even though approximately
75% of the cell wall material of this plant based biomass is polysaccharide-based [112], the
complex structure presents a technical barrier that needs to be overcome; making the
production of biofuels from second generation crops not currently as cost effective as they
could be. An overview of the industrial conversion of lignocellulosic feedstocks into
fermentable sugars can be seen in Figure 5. Disruption of the lignocellulosic cell wall
structure is necessary to enhance subsequent enzyme accessibility to the cell wall polymers;
cellulose and hemicellulose. Physicochemical processes or ‘pre-treatments’ are usually
applied to deconstruct the cell wall ultra-structure and disrupt the lignin-polysaccharide

bonds, generating a pre-treated residue that is less recalcitrant to facilitate enzymatic
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hydrolysis and enhance the digestibility for bioethanol production [113]. Studies on MW pre-
treatment of lignocellulosic material are increasing and have been shown to have a positive
impact on the way the lignocellulosic biomass is structurally-modified. When MW energy is
applied to lignocellulosic feedstocks, selective heating of the more polar regions creates a
‘hotspot’ within the heterogeneous material [114]. It has been hypothesised that when
lignocellulosic biomass is exposed to MW heating, ‘swelling and fragmentation’ effects
occur internally within the biomass, which then result in the disruption of the lignocellulosic
structure. This consequently results in an increase in surface area, a decrease in the degree of
polymerisation and crystallinity of cellulose and the depolymerisation of lignin which
ultimately improves the substrates’ accessibility to enzymatic attack [115, 116]. Microwave
based pre-treatments have been performed in aqueous environments, often in combination
with water [117], organic solvents [118], alkali [119-121] and dilute-acid based solutions
[122]. Furthermore, such pre-treatments have been shown to work effectively with a range of
different lignocellulosic feedstocks, such as rape straw [122], sugarcane bagasse [123, 124],

wheat straw [125, 126], sago [127] and Brewer’s Spent Grains (BSG) [128, 129].

NaOH (alkali) pre-treatment has been applied to lignocellulosic biomass in order to remove
lignin from the material and is thought to increase the porosity of the biomass by breaking the
ester linkage between lignin and xylan [130, 131]. NaOH has also been considered to be one
of the most effective alkali reagents to combine with microwave pre-treatment of switchgrass
and in an early study by Hu and Wen [132], a sugar yield (quantified glucose and xylose) of
58.7 g/100 g of switchgrass was obtained from MW-NaOH pre-treatment followed by
enzymatic hydrolysis. Xu et al [126] identified the optimal conditions for MW-NaOH pre-
treatment of wheat straw according to orthogonal analysis. Pre-treatment with a solids
loading content (biomass: NaOH) of 80 g/kg, a 10 kg m™® NaOH concentration and

microwave power of 1000 W for 15 min generated a liquid fraction that when fermented
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yielded an ethanol titre of 148.93 g/kg (wheat straw), which was much higher than untreated
material (26.78 g/kg wheat straw). A two stage MW pre-treatment on Miscanthus with
ammonium hydroxide (1.0 % [w/v] NH4OH, 15:1 liquid: solid, 120°C for 15 min) followed
by treatment with phosphoric acid (1.78% [v/v] H3POs, 15:1 liquid: solid, 140°C for 30 min)
liberated a total sugar yield of 71.64 g/100 g (Miscanthus) [133]. The enzymatic
saccharification of oil palm empty fruit bunch was significantly improved after microwave
alkali pre-treatment [130]. After applying the optimum pre-treatment conditions (3 % [w/V]
NaOH with MW heating at 180 W for 12 min) the residue that was produced contained 74%
and 25% less lignin and hemicellulose, respectively, and retained a 41% yield of total
reducing sugars. The advantages of using MW heating as an alternative to conventional
heating for pre-treating biomass were further highlighted in the work performed by Sudha et
al [134]. Reduced pre-treatment time and also improvements in subsequent enzymatic yields
during hydrolysis were observed when cassava pulp was pre-treated with dilute NaOH (1.5
%) at 90°C for 30 min. Subsequent microwave-coupled enzymatic saccharification of the
alkali pre-treated pulp with 400 IU (units of enzyme activity) a-amylase at MW temperature
of 90 °C for 1 hour resulted in the highest obtained reducing sugar yield in the study; 723 mg
sugar /g pulp compared to 328 sugar mg/g pulp that was achieved from non-pre-treated pulp.
The authors demonstrated the ability of MW heating to reduce both the pre-treatment and
enzymatic saccharification reaction time, which would ultimately decrease the consumption

of energy needed and improve process efficiency.

MW -assisted organosolv pre-treatment using glycerol (as discussed in section 3.1.4) has also
been applied to pre-treat biomass prior to enzymatic saccharification in the pursuit of
bioethanol production, and it has been shown to effectively enhance delignification of
terrestrial plants [135]. Due to the high boiling point temperature of glycerol and its ability to

reduce the surface tension of the generated hydrolysate (the liquid fraction produced during
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pre-treatment), pre-treatments using this organic solvent have proved to be safe (even at
temperatures of 290°C) and efficient. Trials with sugarcane bagasse appeared to improve the
digestibility of the feedstock [136]. A recent study revealed that the MW pre-treatment of
corn straw using a solution of alkaline-glycerol (95% [v/v] glycerol-NaOH [1.4 M], at 16%
[w/v] solids loading, 180°C, 2 min) improved the enzyme hydrolysis yields of the pre-treated
biomass when using both the commercial enzyme Celluclast® and a crude enzyme extract
[137]. This was the first study to report the application of a NaOH —glycerol co-solvent mix
as a pre-treatment catalyst which induced significant surface disruptions to the biomass. SEM
analysis revealed exposed trichomes (modified hair like structures found on the epidermis)
and in addition the individual cells without a protoplasmic structure were also noticeable in
transverse planes. Due to the abundance and low cost of glycerol (available from such
sources as the production of biodiesel) its use as a pre-treatment reagent could potentially

enhance techno-economic analysis (TEA) / life-cycle assessment (LCA) favourability.

The application of MW heating for the pre-treatment of biomass may be suitable for
optimising processes at commercially relevant high solids loadings (the biomass to liquid-
reagent ratio). Wilkinson et al [129] recently revealed that auto-hydrolytical (water based)
MW pre-treatment of BSG (a lignocellulosic biomass co-product from the brewing industry)
could achieve glucose yields of 80-90% theoretical following treatment at 35% (w/v) solids
loading at 200 °C. Similar glucose yields could also be obtained at lower temperatures of
140-160°C with the addition of 1 % (w/v) HCI, as the acid catalyst acts to enhance the
hydrolysis mechanism through the provision of the additional protons. The acid catalysed
pre-treatment of BSG at higher solids loadings contents of 40-50 % (w/v) were also
investigated, however higher temperatures of 180-200°C were then necessary in order to
maintain high sugar yields. Therefore, careful consideration is needed to conclude whether

operation (pre-treatment) at high solids loading warrants the high input of energy. Operating

23



at higher solids loadings clearly enables a greater degree of biomass processing per batch

(thus per unit time) which may again improve LCA and TEA favourability.

3.2.2 MW pre-treatment for biogas production via anaerobic digestion

Anaerobic digestion (AD) is a biological process that converts complex biological substrates
into both biogas (biomethane) and a waste digestate, in the absence of oxygen by a
consortium of bacteria [138, 139]. It is one of the oldest and most well-studied process
technologies involved in the stabilisation of organic wastes, and is a highly suitable
technology for treating organic solid wastes because of its limited environmental impact and
high energy recovery potential [140]. The process is comprised of four main steps, namely
hydrolysis, acidogenesis, acetogenesis and methanogenesis (Figure 6). During hydrolysis, the
polymers that make up the organic matter, fats, proteins and carbohydrates, are broken down
extracellularly into their respective monomers of fatty acids, glycerol, amino acids and simple
sugars. The monomers are then up-taken and fermented by acidogenic bacteria into alcohols
and organic acids such as proprionic acid, acetic acid, formic acid, ethanol and butyric acid,
as well as some carbon dioxide and water [141]. Some of these substrates are then converted
into acetic acid, plus hydrogen and carbon dioxide by acetogenic bacteria. For example,
proprionic acid is converted to acetic acid (plus hydrogen and carbon dioxide), and ethanol
and butyric acid are converted to acetic acid and hydrogen. The process could then be
terminated at this stage to just produce hydrogen and carbon dioxide gas; however the
incorporation of methanogenic bacteria will then result in the additional production of

methane (as well as carbon dioxide and water), and possibly some hydrogen sulphide.

A range of different feedstocks and/or waste materials can be converted into biogas via
anaerobic digestion, including sludge, food waste, manure, lignocellulosic biomass and algae

[142]. The hydrolysis step is typically regarded as the ‘rate limiting’ step, usually requiring
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some form of pre-treatment in order to improve the effectiveness of the anaerobic digestion
process and to enhance the kinetics of the overall process [143]. Pre-treatment may assist in
the breakdown of the larger complex polymers into smaller molecules, which promotes
hydrolysis [144]. In the case of waste activated sludge (WAS) for example, the material itself
is already composed of a diverse range of microorganisms and organic and inorganic
compounds which are agglomerated together in a polymeric network formed by extracellular
polymeric substances (EPS) that include proteins, carbohydrates and volatile fatty acids
[145]. The efficiency of the hydrolysis step of WAS AD is strongly influenced by the
presence of EPS and in order to overcome this rate restricting step (that is enforced by EPS
complexes), pre-treatment techniques are applied to enhance its digesting capability [146]
and make the substrate more amenable for AD. In theory, the application of pre-treatment
disrupts the sludge flocs, disintegrates the bacterial cell walls and transfers the EPS,
intracellular organic matter and divalent cations into the liquid phase of the WAS; thus
enhancing sludge biodegradability [147] and ultimately reduces hydraulic retention time (the
amount of time the feedstock spends inside the digester) [148]. Microwave heating has been
successfully applied to pre-treat biomass or sludge for subsequent AD. The technology has
proved to enhance the overall process [149, 150] by increasing biogas production, reducing
sludge viscosity, and has been found to increase the ratio of soluble chemical oxygen demand
(SCOD) to total chemical oxygen demand (SCOD/TCOD) from 2% to 22% [151]. It is
thought that through the combined effects of both a more rapid increase in temperature (when
using MWs) and the rapidly changing dipole orientation in the polarised side chains of the
cell membrane macromolecules, compounds disintegrate via the breakage of the hydrogen
bonds [152, 153]. Studies have suggested that MW pre-treatment of municipal sewage sludge

can improve sludge de-waterability [154], reduced faecal coliform (potential human
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pathogenic species) counts in the sludge [155] and most importantly increased the overall

production of biogas [156].

Ebenezer et al [157] investigated the option of improving the efficiency of the MW pre-
treatment of WAS via sludge deflocculation. Deflocculation occurs when a monocovalent
cation, such as Na®, is introduced into the activated sludge medium and removes bridging
ions like Ca*, Mg2+, Fe?* and Fe’* which results in the release of EPS from the flocs.
Sodium tripolyphopshate (a cation binding agent) was used which resulted in a MW specific
reduction in energy required from 26,000 to 14,000 kJ/kg TS (total solids). This resulted in a
50.7% decrease in the cost of the MW pre-treatment. The deflocculated sludge was then
subjected to MW pre-treatment in order to assess the impact on biomass disintegration.
Deflocculation of the sludge followed by MW heating facilitated an increase in sludge
disintegration efficiency when compared to MW heating alone: COD solubilisation increased
from 21% (when using MW heating alone) to 28% (deflocculation plus MW heating) and the

reduction in suspended solids significantly increased from 22% to 38%.

Optimisation of MW pre-treatment of wheat grass for enhanced solubilisation and increase in
biodegradability was performed by [125]. Temperature, ramp time and holding time at the
targeted temperature were all investigated in order to improve AD effectiveness whilst
minimising costs. Optimal conditions (which resulted in a 28% enhancement in methane) for
MW pre-treatment were concluded to require a final temperature of 150°C. Interestingly,
variation in the ramp time and hold time at certain targeted temperatures did not show any

improvements in methane yields.

In order to alleviate the overall costs and reduce the high energy demand that is associated
with the use of MW for cell disintegration in AD, a variety of combinative pre-treatment

methods have been investigated. These include combinations of chemicals such as acids
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[158], alkali [159-161] and H>0O; [162, 163]. Microwave heating was coupled with alkali
treatment in work conducted by Chang et al [164], who suggest that the combined pre-
treatment (600W for 2 min and 14.5 g/l NaOH dose for 10 min) synergistically enhanced the
COD solubilisation (46% increase) from waste activated sludge. This value was equivalent to
almost a two-fold increase compared to the combined values obtained by either MW pre-

treatment alone (8.5%) or alkali pre-treatment alone (18%).

Advanced oxidation processes (AOP) have also been coupled with MW heating for the pre-
treatment of sludge. The process relies on the generation of reactive free radicals; in
particular hydroxyl radicals (*OH), as these powerful oxidising agents have the potential to
increase the rate of many deconstructive reactions and ultimately reduce the operational costs
of a process [29]. It has been suggested that an increase in reaction temperature during MW
heating induces the formation of *OH, which then destructs the cell walls and membranes of
the EPS complex and the breakage of DNA strands [165, 166]; and these synergistically
improve the disintegration of sludge. Table 2 summarises the major findings of the work
undertaken to investigate the influence of MW-AQOP pre-treatment on WAS. Xiao et al [162]
reported that SCOD increased by 30.5 times after MW-H>O: pre-treatment of sludge, which
was more efficient than both MW pre-treatment alone and combinative MW-acid/alkali pre-
treatment methods. Research into the rheological characteristics of the sludge generated after
pre-treatment with MW-H>O» was conducted by Liu et al [167]. The rheological properties of
sludge may influence sludge management, treatment and downstream hydrodynamic
processes involved in AD (such as mixing, pumping and recirculating [168]). The group
concluded that AD of sludge combined with MW- HxO; pre-treatment improved the fluid
dynamics and weakened the elastic properties of sludge. As a result of the MW-HxO: pre-
treatment the strength of the inner structures and the non-Newtonian flow characteristics of

the digested sludge weakened in strength, and additionally variation in the composition of the
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EPS was also noticed; i.e. variation of the ratio of proteins and polysaccharides. This work
highlighted MW-H2O> pre-treatment as a favourable combination with AD. However,
research has revealed that large amounts of residual H2O2 remain in the AD system after pre-
treatment, and subsequent AD stages are inhibited due to its toxic effect on cells [160]. Liu et
al [158] evaluated the effects of residual H»>O, on the hydrolysis-acidification and
methanogenesis stages of AD after MW- H>O» pre-treatment of municipal sludge. Despite
achieving a high COD solubilisation, there was ultimately no enhancement in methane
production and the negative effects gave rise to a longer lag phase and a low methane
production rate. Furthermore, an inhibitory effect was observed on the metabolic activity of
methanogens and mildly affected the hydrolysis-acidification stage of AD. This work
demonstrated the importance of pre-treatment dosage control and optimisation, and most
imperatively, an understanding of how pre-treatment catalysis chemicals can affect the
biology of the chosen energy conversion route system. The pH of sludge after MW-H>O» pre-
treatment is normally in the alkaline range (pH 9-10), possibly making the sludge
unfavourable for subsequent AD as the chances of methanogen inhibition increases and hence
methane production is terminated. Eswari et al [169] included the addition of acid in the
MW-H;0; pre-treatment combination (at an optimum specific energy of 18,600 kJ/kg TS) in
order to balance out the deleterious effects which are implicated by the alkaline environment
(as a pH adjustment mechanism). The sludge solubilisation increased up to 56 % and a
maximum methane production of 323 mL/g volatile solids was achieved. Furthermore, cost
analysis of the process was deduced to be both economically and energetically feasible with a

net profit of 59.90 €/tonne of sludge.

Studies have explored microalgae as a potential feedstock for the production of biogas via
AD. The majority of the research that has been undertaken with microalgae production and

processing has mainly been focussed on the generation of biodiesel and biogas. However, the
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energy demand and the economic impacts involved in biomass drying and the extraction of
the lipid content from the microalgal cells are not sustainable and may not be economically
viable to perform at commercial scale [170]. AD offers an alternative option for converting
microalgal biomass in its entirety (without the need for any prior drying for water removal
and/or prior pre-treatment steps) into a final product of useable energy [171]. Nevertheless,
due to the complex structure and composition of the microalgal cell wall which hinders the
initial hydrolysis step, pre-treatment methodologies have also been applied to improve the
ultimate methane production yields and the biodegradability of the biomass [172]. In the
work of Passos et al [173], the specific energy (regardless of the output power and exposure
time) of the MW pre-treatment on microalgae biomass cultivated in High Rate Algal Ponds
(HRAP), played an important effect on biomass solubilisation and final methane yields.
Biochemical methane production tests revealed that use of an optimal pre-treatment increased
biomass solubilisation by 8% and the methane yield by 78%. MW pre-treatment was also
evaluated in continuous anaerobic reactors operating at Hydraulic Retention Times (HRT) of
15 and 20 days, to assess the effects on microalgal cell disruption and biogas production
[174]. MW pre-treatment enhanced the methane yields by 30% at 15 days HRT and by 58%
at 20 days HRT. Additionally, microscopic images (both optic and TEM) revealed that some
microalgal cell walls remained still intact after microwave pre-treatment whilst others had
lysed. However, the internal organelles in the intact cells appeared to be damaged beyond
repair. This most likely contributed towards the improved anaerobic biodegradability of the
microalgae. Nevertheless, the high consumption of energy that was required for this MW-
based pre-treatment was a major disadvantage of this technique and the authors suggested

that alternative, lower energy consuming pre-treatments ought to be investigated.
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4 Opportunities, future direction and recommendations for microwave
research

It is evident that the application of MW heating has proved to be advantageous for the pre-
treatment of various biomass feedstocks across numerous bioenergy conversion routes and
biomass upgrading processes when compared to traditional conventional heating methods.
MW heating has the potential to overcome and avoid many of the problems that are
traditionally associated with conventional heating methodologies and the unique heating (and
processing) characteristics exhibited by MWs have allowed researchers to identify numerous
options for biomass pre-treatment and upgrading processes. Table 3 summarises the
opportunities that are associated with the application of MWs to pre-treat and upgrade
biomass, alongside additional features that would ideally be included within each protocol.
Although MW heating has many incentives to be incorporated into pre-treatment and
upgrading process, there are a number of challenges that are yet to be addressed and fully
understood. These include the understanding of energy balances, deciphering the
fundamentals behind induced temperature gradients within the ‘heated’ biomass and
importantly the dielectric properties of different feedstocks. Consequently, despite the wealth
of research which has shown the unique benefits of MW heating, the growth of industrial
MW heating applications is somewhat limited by an apparent lack of fundamental
understanding of the MW heating system, in addition to the technical information required
for commercial design and development. In light of the latter, potential solutions are
emerging and novel MW scalable processing concepts have been reviewed [175]. This
section of the review identifies and discusses the main issues and challenges associated with
this heating technique, and the future directions this area of research requires to exploit the

full potential of this heating technique.
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4.1 Dielectric properties of biomass

MW heating is dependent on the interaction of electromagnetic energy with biomass, and the
ability of the material to absorb and convert this energy into heat [176]. There is clearly a
lack of fundamental data on the dielectric properties of biomass and its individual
constituents, however it is vital that such parameters are studied and understood in order to
understand the heating behaviour and thermal gradients that can exist within different
systems [177]. To date, there are only a small number of publications which report the
dielectric properties of a small selection of biomass types. These include sorghum [178], oil
palm [179-181], Australian wood-based biomass [182], wood pellets [183], Tobacco stems
[184], hay [185], switchgrass [186] and corn stover [187]. However, the majority of these
studies have only acquired dielectric property measurement information at temperatures up to
ca. 50°C. It is known that the dielectric properties of biomass change nonlinearly with
temperature [183], however only a limited number of studies have determined the dielectric
properties of biomass at elevated temperatures (within the 100°C - 900°C temperature range)
[176, 185, 186, 188, 189]. Considering that the pre-treatment of biomass may require
temperatures that exceed 100°C (for example biomass torrefaction requiring temperatures up
to 300°C), further work is required to determine the dielectric responses of different biomass
feedstocks at higher temperatures. This may then allow for the specific adjustment of optional
parameters to further improve MW heating efficiencies, and thus further reduce the energy
input for the pre-treatment step whilst still maintaining its efficacy [129]. Furthermore,
dielectric property data would enable the design of MW processing systems for different
biomass feedstocks as well as for process design calculations that involve various heat-based

unit operations [178].

Whilst the authors acknowledge very few research groups and laboratories have both the

equipment and trained personnel to conduct dielectric property measurements, this data is
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fundamentally essential for successful commercial development of MW based processing.
This potentially highlights the requirements for greater collaboration between different
research groups (for example greater interdisciplinary collaborations between
electromagnetic scientists, engineers and bio-scientists) in order to achieve this and to bridge
the gap between fundamental research and to eventually roll out the application
commercially. Furthermore, by understanding the dielectric properties of input feedstocks the
design and development of MW-based pre-treatment units can be performed in a much more

accurate, effective and economical way.

4.2 Microwave apparatus and the importance of cavity design

The majority of the aforementioned studies in this review report the use of domestic MW
ovens which have been modified to internally contain open beakers/flasks for placing
biomass (and possibly the reactant), to serve as reactors for atmospheric pressure MW pre-
treatments. Conversely, when higher temperature pre-treatments are conducted (>150°C), a
more robust system is required and experiments are usually performed in closed reactors
which can withstand the high pressure build up that often occurs. Examples of the latter
include the Anton Paar Monowave 300 microwave synthesis reactor (Anton Paar Gmbh,
Graz, Austria) and the Discover LabMate System from CEM Corporation (Buckingham, UK)
which feature built-in agitation devices, temperature monitoring/control of the reaction
mixture with either infrared sensors or fibre optic probes and software which enables the user
to monitor the temperature/pressure of the reaction [190]. However, one of the main
limitations with such devices (and also a limitation of domestic MW ovens) is the relatively
low intensity electric field and the absence of reflected power measurements. Energy
balances reported for such equipment therefore need to be interpreted with caution, as it is not

possible to determine the energy absorbed by the sample. The low intensity electric field has
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implications for the power absorbed per unit volume (otherwise termed power density [Pd]),

which can be defined by the following equation for a uniform electric field:
Pd = 2nfe,e’"|E|? (2]

where fis the MW frequency, &, is the permittivity of free space (8.85 X 1072 F/m), £ is the
dielectric loss factor and E is the magnitude of the electric field. Selective heating of biomass
constituent components material can be induced in a MW environment if the material that is
being heated contains a mixture of absorbent and transparent phases, however conventional
heat transfer also occurs simultaneously. If the power density is low (due to low electric field
intensity) then conventional heat transfer can dominate, leading to low or negligible thermal
gradients within the biomass and a situation that is comparable to conventional heating. At
high power densities volumetric heating dominates over conventional heat transfer, leading to
significant thermal gradients and therefore the ability of MW heating to treat biomass in a
way that is not possible with conventional heating. Biomass usually contains moisture
(water), which will easily absorb MWs at room temperature, however upon heating and after
the water is lost, biomass will become increasingly transparent to MWs when temperatures
are raised [183]. In this case it is important that a high electric field intensity is used in order
to induce further decomposition of the biomass after the initial loss of water, something that
is not possible with domestic microwave ovens and has led researchers to use microwave-
susceptors to achieve high temperatures in this equipment. The use of susceptors leads to the
heating of biomass by conventional heat transfer, and therefore does not create the thermal

gradients within the biomass that exist when high intensity electric fields are used.

As well as the intensity of the electric field, the distribution within the MW cavity itself also
needs to be understood. A unique characteristic of MW heating is the formation of ‘hot

spots’, which arise from the inherent heterogeneity of the electric field within a cavity [33].
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Hot spots are formed where the MW field strength is highest [77]. Figure 7 shows an
illustrative example of a single hot spot distributed inside a single mode cavity with a vessel
holding biomass undergoing pre-treatment. The Figure illustrates that the hot spot is not
evenly located across the biomass, suggesting that there would be an uneven distribution of
heat across the biomass and the degree of pre-treatment would not be consistent. Ultimately
this would produce a residue with only partly pre-treated regions and if this residue was to
undergo subsequent enzymatic saccharification for the liberation of monosaccharides
(namely glucose which could subsequently be fermented to bioethanol), the efficacy of this
saccharification would likely be affected. The authors suggest that this could be due to the
lack of ‘exposed’ binding sites that are compatible with the enzymes that have the ability to
cleave -1, 4 linkages along the exposed cellulose polymer. As such, sub-optimal glucose
yields could be achieved and overall low yields of bioethanol would be produced. Therefore,
it is imperative that the pre-treatment of biomass is as effective as possible, as this step is
considered to be the most rate limiting, energy intensive and expensive for bioenergy
production. Unfortunately, there is a poor understanding of the distribution of the
electromagnetic field within domestic and single mode MW cavities, and to date there has
been no investigation of the effects of MW frequency, power and biomass position (in the
cavity) on the biomass temperature and dielectric field distribution. Ideally, mapping the
power density distribution (preferably in real time) as the feedstock is being pre-treated,
(whether for drying purposes, torrefaction, or to induce the necessary structural alternations
for increased hydrolysis efficacy for bioethanol or AD conversion routes) would further aid
in the development of biomass pre-treatment processes using MW heating. Robinson et al
[190] investigated the phenomena that occur within a MW single mode cavity using
electromagnetic simulations and heating experiments to show the effects of different factors

(including solvent type, vessel material and stirring rate) on the distribution of the electric
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field, power density and rate of heating. It was noticed that around the edges of internal
protruding objects (such as stirrers and temperature probes) the electric field and power
density were significantly concentrated (Figure 8). Furthermore, the volume of solvent
present in a reaction vessel has an effect on the distribution of the electric field [190].
However, considering that researchers have often attempted to optimise experimental
parameters including the biomass to solvent volume ratio on the rate of reactions, product
yields or biomass digestibility [109, 129, 133, 137], the electric field distribution has almost
always been overlooked. Uneven distributions of the electric field can induce large thermal
gradients and localised heating effects (hot spots) which would have a significant influence
on the pre-treated residue generated. In order to control the occurrence of hot spots and
localised heating, cavity design is an essential factor to consider [33]. There are several
techniques that could be employed to overcome the effects of hot spots, which include
changing the geometry of the cavity by modifying its size, using multiple MW inputs,

operating at higher frequencies and ensuring adequate heterogeneity of the material [191].

Whilst the majority of reported studies utilise microwave heating equipment operating at a
frequency of 2.45 GHz, the electrical efficiency of these systems is typically only around
40%. This low efficiency renders the 2.45 GHz operating frequency unsuitable for the
majority of industrial applications, except in cases where very high value products are being
produced. Most industrial microwave heating equipment operates at a frequency between 896
— 922 MHz, and in this case the electrical efficiency is typically around 85% [177]. The use
of 2.45 GHz equipment within the laboratory-environment is of considerable value for the
assessment of heating effects and opportunities for the technology for different feedstocks,
however it is important that scale-up and economic considerations are based on the use of the

lower frequency range.
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4.3 Temperature control and monitoring

An important yet often overlooked issue faced with MW heating technologies is the accurate
and representative measurement of temperature. The majority of previous work has used
grounded thermocouple probes; which are contact-type sensors. These probes are still used
despite the fact that grounded thermocouples are metallically shielded, and can significantly
distort the electric field [190]. The act of attempting to measure the temperature therefore
distorts the actual temperature within the vicinity of the probe. A study conducted by
Satpathy et al [74] investigating the effects of different power levels and process times on the
torrefaction of biomass noticed that temperature measurements were not completed for 300
W/20min for wheat straw and 250 W/20 min and 300 W/15-20 min for barley straw. This
was because the group had noticed that the Teflon coating on the thermocouple had melted at
those process conditions (as the temperature had reached >400°C). Due to this unreliability
and also the possible chances of destruction of the temperature probes, data interpretation
should, where possible, avoid the reliance on temperature measurements and possibly be
reported as a function of MW power density or energy input as an alternative. In response,
researchers have resorted to use infrared optical pyrometers in combination with grounded
thermocouple probes to improve the reliability of temperature measurements [27], however
these only give an indication of the surface temperature. The thermal gradients that are
present within materials such as biomass due to the combination of selective and volumetric
heating cannot be measured, and therefore any reported temperature values must be

interpreted with caution.

4.4 Understanding selective heating behaviour
One of the major challenges associated with MW heating for biomass processing is ensuring
there is sufficient absorption of the MWs by the target material to induce the required thermal

gradients. Biomass contains a mixture of phases that are both MW absorbent and MW
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transparent, and their heterogeneous nature needs to be considered and understood in order to
successfully develop and scale up MW pre-treatment and/or upgrading processes. The
thermal behaviour of biomass is strongly dependent upon the biochemical composition and
structure of the feedstock, and the specific effects of MW heating on biomass has been
previously explored [192-194]. Within the biomass, not all of the biochemical constituents
are able to absorb MWs, and even if they can absorb MWs, the degree of polarisation
(induced by MW heating) would depend heavily on the polarity of side groups found on each
macromolecule. Nonetheless, there is still considerable controversy regarding fundamental
understandings behind the mechanistic links surrounding the physico-chemical aspects of
MW heating and biomass. MWs heat biomass almost instantaneously due to the presence of
free water, but soon after the biomass becomes less MW absorbent. Some authors have
suggested that superheating of capillary and bound water creates a pressure build up within
the biomass structure, which then induces temperatures in excess of 200°C, required for
driving thermochemical pre-treatment processes (such as torrefaction and drying based
processes) [183, 195-197]. The bulk heating mechanism of microwave irradiation causes
water to vaporise within the pores of the biomass, as water dipoles attempt to continuously
reorient within the oscillating electric field. An energy loss by heating is attained when the
water dipole lags behind the electric field, and water transport can be then promoted
selectively, as water is much higher microwave absorbing than the main constituents of

lignocellulosic material.

Nevertheless, the abilities of the different biochemical components may also simultaneously
play a key role in the absorption of MWs. The rigidity of structures in crystalline regions (of
certain macromolecules such as cellulose) also restrict the ability of molecules to become
aligned with the electric field; facilitating only amorphous regions to become aligned with the

applied electric field [198]. The MW heating mechanism and decomposition of cellulose, one
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of the most abundant nature polymers and a major constituent of lignocellulosic biomass was
investigated by Budarin et al [192]. The group proposed that at 180°C the amorphous region
of cellulose softens and enables a MW induced rearrangement. The number of side groups
capable of rotating increases which essentially then enhances the degree of molecular
freedom and the groups can align with the oscillating electric field. There is very limited
information available about the behaviour of lignin and hemicellulose under MW heating.
Understanding the behavioural differences between the major components found within
feedstocks and their dielectric properties would aid in the design of scalable processes and
development of the technology. This would, however, be an extremely complex task
especially since the biochemical compositions of different feedstocks and wastes significantly
differ between one another. This is in part due to the biosynthesis of the macromolecular
constituents often occurring via random polymerisation generating both highly amorphous
and variable polymers. Yet full and accurate characterisation is imperative. Targeting the
components within biomass and waste residues for dielectric property determination would
be a suitable approach to gain a fundamental understanding of how they each behave under
MW heating. However, this may not be truly indicative of their actual dielectric behaviour
due to the differences between pure substrate model systems and the biochemical constituents

that are embedded within a complex biomass matrix.

S Conclusions

Reviews of the latest publications have shown great advances, widespread applications and
an ever growing interest in the use of MW heating to pre-treat different biomass types and
waste feedstocks across various bioenergy conversion routes and for biomass upgrading.
Studies have shown that this heating technique can be both a sustainable and energy efficient
option for effective biomass to biofuel and biochemical conversion, which consequently

could reduce overall processing costs if this technology was to be implemented. However,
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due to a clear gap between understanding the specific fundamentals of the MW heating
mechanism with biomass and wastes, the technology has struggled to proceed beyond
laboratory scale experimental apparatus to industrially scaled processes. Although the science
behind the many published research articles in this area is novel and has had impact and made
significant contributions of knowledge to the scientific community, the background behind
the electromagnetic interaction with biomass and wastes has often been overlooked. For
various pre-treatment processes such as MW-drying, there is a definitive mechanistic link
between the physico-chemistry of the process and the application of MWs which has enabled
this process to become commercial on an industrial scale. Nevertheless, the lack of a clear
understanding of the interaction of the electric field and the biomass in other pre-treatment
processes has hindered their industrialisation. The optimisation of MW based processes and
their subsequent scale up to commercial scale will then be dependent upon how well the
process parameters and their interactions are understood. Multidisciplinary groups and
collaborations between research groups are key and are required to pursuit this exciting area
of research and answer the challenging questions associated with MW heating and biomass

pre-treatment/upgrading technologies.
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FIGURE CAPTIONS

Figure 1. Overview of current bioenergy routes which can be applied to different biomass

feedstocks and the potential products of energy that can be produced (Adapted from [199])

Figure 2. The differences in temperature distribution and direction of heat transfer between

conventional and microwave heating.

A) Conventional heating: heat is transferred from the outside of the material inwards by
conduction. Overheating can occur on the outside whist still maintaining a cooler inner
region. B) Microwave heating: MWs penetrate the material and heat volumetrically. Energy

is then uniformly dissipated throughout the material.

Figure 3. Overview of MW-assisted organosolv pre-treatment of biomass followed by fast
pyrolysis for the production of levoglucosan. Levoglucosan can then be acid hydrolysed to

glucose and subsequently fermented to bioethanol by fermentative microorganisms.

Figure 4. Schematic overview of the lignocellulosic structure.

Figure 5. Industrial conversion of lignocellulosic feedstocks to fermentable sugars which can

then be fermented to bioethanol: key processes

Figure 6. Overview of anaerobic digestion process.

Figure 7. Schematic representation illustrating the possible effects of a hot spot inside a

single mode cavity on pre-treatment severity of biomass.

Figure 8. Electromagnetic simulation depicting the electric field distribution in a single mode cavity
with a quartz tube containing n-heptane. Image on the left contains no stirrer or fibre optic probe.

Image on right contains stirrer and fibre optic probe.
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Figure 2.
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Figure 4.
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TABLE CAPTIONS

Table 1. Summary of available literature on the dry MW- torrefaction of biomass.
Table 2. Summary of literature on the use of MW-AOP pre-treatment for AD.

Table 3. Summary of the opportunities and biomass pre-treatment/upgrading solutions

offered by microwave heating
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Table 1.

Feedstock Reaction Conditions  Findings Reference

Rice straw, pennisetum 150 W, 10 min 70% mass yield and 80% energy yield achieved for torrified biomass. [73]
Energy density of the biomass was ca 14% higher than raw biomass

Wheat straw 300 W. 20 min 72 % mass yield, 89% energy yield, 23% increase in HHV. *Particle size [74]
reduction ratio of 0.66. **Moisture uptake reduction by 61%

Barley straw 250 W, 20 min 76% mass yield, 87% energy yield, 14% increase in HHV. *Particle size [74]
reduction ratio of 0.61. **Moisture uptake reduction by 63%

Rice husk 300 W, 4 min 49.5% mass yield, 57.5% energy yield, 26% increase in calorific value [200]

Sugar cane residue 250 W, 4 min 67.2% mass yield, 79.4% energy yield, 57% increase in calorific value [200]

Douglas fir sawdust pellets 600 W, 10 min 83.2% mass yield, 90.6% energy yield, 30% improvement in HHV [76]

Waste straw 350 W, 30 min 68% mass yield, 88% energy yield [75]

*Particle size reduction ratio signifies the grindability of the biomass (difference between torrified and native (non-torrified) biomass).

**Moisture uptake reduction is indicative of hydrophobicity of torrified biomass
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Table 2.

Treatment parameters Feedstock  Main results Reference
MW (20°C/min) for 5 min and Sludge >96% TCOD of dissolved into [201]
71 mL/L H>O, dosage (30% by solution
wt)
MW (80°C) for 5 min and 34 Sludge All COD was solubilised [202]
mL/L HzOz + 17 mL/L HzSO4
MW (80°C), 5 min heating WAS 25% increase in SCOD [203]
time, with 1 mL H>0, (30%)/1
%TS dosage
MW (120°C) with 0.80 g WAS Optimum parameters for maximum [204]
H,0,/g dry sludge solids’ disintegration and nutrient

release
MW (80°C) for 3 min with 1%  WAS 18% increase in COD solubilisation [205]
H>0»
MW (120°C) for 10 min with 1~ WAS COD solubilisation increase from 3% [156]
g HyO0, (30 % v/iv/i g TS) (control) to 24% after pre-treatment.

However, no significant effect of

combined pre-treatment was

observed on methane production and

sludge dewaterability
MW heating (80°C) followed WAS The higher the dosing rate of H>O» [206]
by addition of H,O, and then the more SCOD was released into the
continuous heating to 100°C supernatant
MW (80°C) for 3 min with2%  WAS SCOD reached as high as 87% of [207]
H>02(0.5 % TS) TCOD
MW (70°C) with 0.1% H,O,(1 WAS SCOD reached 25% of the initial [208]
% TS) TCOD
MW (100°C) with 0.2 g H,O»/g  WAS Methane production improved by [209]
TS 13.34 %
Combined pre-treatment of MW  Dairy Maximum methane production of [169]
(18,600 kJ/kg TS) + H20, (0.3 sludge 232 mL/g VS. Cost analysis revealed
mg/g SS) + acid (pH 5) these parameters to be most

economical with a net profit of

59.90€/tonne of sludge
MW (80°C) with 0.2 g H,0, (30 WAS Sludge flow-ability improved after [167]

90 wiw)! g TS (8%) then heated
to 100°C

the applied pre-treatment and the
elastic properties weakened. Changes
to the micro-structures (concentration
and components of EPS) may have
contributed to improvement in sludge
bio-digestibility
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Table 3.

Key biomass pre-treatment and/or upgrading features

Process solutions and opportunities with the use of MW heating

Little or no biomass size reduction

Elimination of a biomass pre-drying step

Production of highly digestible feedstocks

Reduction in the formation of inhibitory compounds

Lower energy demands and moderate costs

Feasibility and effectiveness with high solids loadings

Production of a different range and grade of compounds

Decrease in equipment size and increase in portability

62

The fast, selective and volumetric-based heating offered by MWs enables the treatment
(processing) and utilisation of non-homogeneous and large particle size biomass and also
eliminates any prior biomass grinding requirements

Polar water molecules absorb microwave energy more readily than other components that may be
present within the biomass. Therefore, the presence of inherent water within biomass is beneficial,
as water contained within the biomass is selectively targeted and instantaneous heating of biomass
is induced. The heating rate at the initial MW heating stages is also improved thus eliminating a
necessary drying pre-requisite step (in order to achieve a suitable biomass moisture content)

The selective heating offered by MWs heats the more polar components of the biomass, ultimately
inducing swelling and fragmentation of the material. The lignocellulosic matrix becomes modified
(lignin and hemicellulose components altered or removed) and the crystallinity of cellulose
decreases. Such alternations increase the surface area and increase digestibility of the biomass
which render the biomass compatible with subsequent downstream process (such as enzymatic
saccharification steps etc.)

The application of MWs enables greater control of the biomass heating process and enhanced
chemical reactivity which essentially reduces the formation of undesired compounds that may

induce inhibitory effects to microorganisms and/or enzymes in subsequent downstream processes

Higher power densities, higher heating efficiency and the ability to reach high temperatures at
faster heating rates

The volumetric heating nature of the electromagnetic field offers uniform heat distribution and
excellent transfer of heat across bulk volumes of biomass. This enables the processing of more
biomass (mass) per unit time (increased solids loadings per reaction)

Possible due to the unique thermal gradients which result from MW heating

Reduces overall capital cost and enables mobile processing systems to treat biomass at, or close to



44

45

46

47

48

49

Feasibility of dry processing

source, thus reducing transport costs.

Chemical-free routes to treat biomass, with lower environmental impact
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