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Abstract: The effective exploitation of lignin, the world’s
largest renewable source of aromatics, is alluring for the
sustainable production of chemicals. Microwave-assisted
depolymerisation (MAD) of lignin using hydrogen-donating
solvents (HDS) is a promising technique owing to its effec-
tive volumetric heating pattern and so-called “non-thermal
effects.” However, lignin is a structurally complex bio-
polymer, and its degradation produces a myriad of
products; consequently, MAD reaction mechanisms are
generally complex and poorly understood. This review
aims to provide a perspective of current research into MAD
reaction mechanisms involving HDS, with the goal to give
researchers an overall understanding of MAD mechanisms
and hopefully inspire innovation into more advanced
methods with better yields and selectivity of desired aro-
matics. Most reaction mechanisms were determined using
characterisation methods such as GC-MS, MALDI-TOF, 2D-
NMR, GPC, and FT-IR, supported by computational studies in
some instances. Most mechanisms generally revolved around
the cleavage of the β–O–4 linkage, while others delved into the
cleavage of α–O–4, 4–O–5 and even C–C bonds. The reactions
occurred as uncatalysed HDS reactions or in combinationwith
precious metal catalysts such as Pt/C, Pd/C and Ru/C, although
transitionmetal salts were also successfully used. TypicalMAD
products were phenolic, including syringol, syringaldehyde,
vanillin and guaiacol.

Keywords: lignin depolymerisation, hydrogen-donating sol-
vents, microwaves, reaction mechanism, aromatic

1 Introduction

The circular economy (CE) revolves around the concept of
industrial ecology [1], endeavouring to promote sustain-
able environmental benevolence and economic viability
[2]. CE is frequently associated with reducing, reusing,
and recycling activities [3], aimed at reducing the current
reliance on non-renewable petroleum-based sources in
industrial, pharmaceutical, and agricultural domains [4,5].
CE is a promising remedy to current unsustainable con-
sumption and production trends [6,7], in line with the
United Nations’ sustainable development goal (UN SDG-12)
of “Responsible consumption and production” [5,8].

Lignocellulosic biomass is a key component in the sus-
tainable production [9,10] of various chemicals, polymers,
materials, solvents, compounds [11], and energy [4–6]. In
particular, lignin is the world’s largest renewable source of
aromatic compounds [7], and its conversion into useful
aromatic chemicals or materials is crucial, especially given
the copious amount of lignin produced as a low-value by-
product, particularly in the pulp industry or cellulosic
ethanol generation [12].

In order to degrade lignin into useful aromatic chemi-
cals, numerous lignin depolymerisation techniques are uti-
lised, some of which are shown in Figure 1. The choice of
the technique partly determines the yield and selectivity of
aromatic chemicals produced [13]. In particular, the reduc-
tive depolymerisation method utilising in situ hydrogen
from hydrogen-donating solvents (HDS) is a promising
technique for lignin depolymerisation [14,15], with good
yields of aromatics. Conveniently HDS such as ethanol,
formic acid (FA), and acetic acid are also typically cheap,
recyclable, environmentally safe, and easily available. In
addition, they can even be produced on-site using biomass
at bio-refineries [16].

Lignin depolymerisation to aromatic monomers is gen-
erally time consuming and an energy-intensive endeavour.
As a result, lignin depolymerisation is often coupled with
microwave (MW)-assisted heating, a technology that has
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been successfully applied in other areas including extrac-
tion studies, and synthetic organic and nanomaterials chem-
istry [17–20], with the hope of improving the overall
efficiency of MW-assisted depolymerisation (MAD) of lignin.

Lignin is a structurally complex polymer with numerous
linkages and different functionalities [21–23]. Although sub-
stantial advancement in MAD has been realised, effective
lignin to single value-added aromatic chemicals remains a
significant challenge [12]. Themechanism of MAD is generally
complicated and numerous compounds are often produced,
posing a separation challenge. In particular, MW-assisted
reactions are also believed to induce unique so-called “non-
thermal effects” [24], resulting in reaction pathways unique to
MAD. In turn, it affects the yield and selectivity of produced
aromatic chemicals [11,25,25–29]. This review provides a com-
prehensive critical review of the current literature on the
reaction mechanisms involved in the application of environ-
mentally benign and sustainable HDS in the MAD of lignin
into aromatic compounds in a sustainable manner to display
the common pathways that occur during MAD, in particular,
to investigate the presence or relevance of the “non-thermal
effects” on the proposed reaction mechanisms. Ultimately, we
hope to give researchers a better insight into MAD reaction
mechanisms and encourage the refinement of current tech-
niques into viable unambiguous and reproducible methods
that can be upscaled to the industrial level to produce a single
aromatic product.

2 Lignin composition and structure

Lignin is a heterogeneous aromatic biopolymer with a com-
plex three-dimensional structure of polymerised phenyl
propane (C9) units. It is composed of three main units,
namely p-hydroxyphenyl, guaiacyl, and syringyl via ether
bonds or carbon–carbon bonds [30–32].

In plant cell walls, lignin fills the spaces between
cellulose and hemicellulose polymers binding the lignocellu-
lose matrix together, analogous to cement used in construc-
tion (Figure 2). This cross-linking with the polysaccharides
cellulose and hemicellulose confers strength and rigidity to
the cell walls and the plant system overall [21]. Lignin
accounts for 15–30% of the dry weight of plants, and its
composition and amount depend on plant age, conditions
of plant growth, and species, among other factors. In general,
grasses contain the least amount of lignin followed by
hardwoods, while softwoods have the most lignin. In the
literature, lignin naturally present in biomass is termed
“native lignin,” and once extracted from the biomass it is
referred to as either “technical lignin” or “isolated lignin”;
the extraction of lignin from biomass invariably also
affects its structure [33,34].

Considerable research has focused on the full charac-
terisation and the structure determination of native lignin.
Many of lignin’s main structural features and linkages
have been elucidated through advances in spectroscopy,

Figure 1: Lignin depolymerisation techniques.
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including advanced nuclear magnetic resonance (NMR)
methods [35], thermogravimetric analysis [36], and computa-
tional studies [37]. Despite these efforts, the lignin’s pristine
structure is complex and insufficiently understood [38–41].

As a consequence, new lignin depolymerisation tech-
niques are a challenging endeavour. Nevertheless, it is gen-
erally accepted that lignin is a heteropolymer comprising at

least three different monolignols randomly linked via var-
ious bonds through free radical–radical coupling among the
monomer units in lignin (Figure 3). The ether bond function-
ality is themost common linkage between themonomer units
in lignin, although C–C bonds are also present [8,41–43].
Approximately, 66% of the linkages between the monomers
are ether bonds. Of the ether bonds, the most abundant are

Figure 2: Typical biomass composition.

Figure 3: The typical lignin structure, its constituent monolignols, and common bond linkages.
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the β–O–4 alkyl–aryl ether linkage between two units,
although α–O–4 or 4–O–5 ether bonds are also possible.
Therefore, most depolymerisation methods focus on cleaving
these weaker ether bonds in particular, while deliberately
avoiding the stronger C–C bonds, which need harsher proces-
sing conditions. A typical lignin structure and associated
bonds are depicted in Figure 3.

Lignin structure is inevitably modified to varying
degrees during its isolation from biomass. Milder biological
and organosolv treatments are known to produce lignin
closest in structure to native lignin, although they may
sometimes be inefficient. Other more efficient methods of
lignin extraction and depolymerisation inadvertently result
in the replacement of weaker ether bonds with refractory
C–C bonds, which are more difficult to depolymerise as a
result of the recalcitrant nature of lignin that provides its
protective role in plants as a defence against biological and
chemical attacks [44].

Shu et al. [45] and Milovanović et al. [46] proved a link
between lignin feedstock and bio-oil yield [46]. A higher
proportion of syringol monomers (S units) to guaiacol mono-
mers (G units) ratio (S/G ratio) was found to be favourable in
maximising monomer yields in bio-refining applications
[44,47]. A reduction in the presence of unwanted C–C bonds
in S units, which have O–CH3 groups on both carbon 3 and
carbon 5 [48], is thought to reduce the potential formation of
C–C bonds in S units compared to G units, which would
otherwise replace weaker ether bonds with stronger C–C
bonds; this subsequently affects lignin’s physiochemical
properties [49,50] and ultimately negatively impacts on the
valorisation of lignin [51,52].

3 Lignin model compounds

As a consequence of lignin’s structural complexity and
heterogeneity, sensible reaction mechanisms are often dif-
ficult to deduce using pure lignin. Therefore, a significant
number of studies are conducted utilising lignin model
compounds first to systematically focus on desired bonds
and their cleavage mechanisms.

Many monomeric, dimeric, and trimeric model com-
pounds have been considered for various lignin depoly-
merisation studies. These compounds are used to simulate
the main characteristics of lignin such as inter-unit links,
methoxyphenol groups and propanoid chains, and subse-
quently extrapolate the findings to lignin [21,53]. Some
simple examples of model compounds and the bonds
they are used to represent are shown in Figure 4.

The use of simpler compounds simplifies the charac-
terisation challenges usually associated with the myriad of
aromatic products, which can number in the hundreds. By
using model compounds, researchers have been able to
better comprehend the effect of particular reaction condi-
tions on the cleavage mechanism of particular moieties
and the likely products. This has enabled reaction mechan-
isms to be proposed and then applied to lignin. Model
compounds have fewer variables to consider, which has
enabled the analysis of the performance, kinetics, and
stability of intermediates and products in lignin depoly-
merisation [53]. Better insights into the roles of various
reaction parameters in monomer yield and/or bond clea-
vage have also been determined before embarking on
much more complex lignin processes.

While lignin model compounds are useful in formu-
lating reaction mechanisms, it is important to note that
simply extrapolating their mechanisms to lignin can be
misleading. Lignin contains a multitude of other linkages
whose reaction intermediates and products may affect
each other’s mechanisms due to thermodynamics and
kinetics. Nevertheless, the information provided by lignin
model compounds is invaluable in clarifying the mechan-
isms likely to be encountered in lignin depolymerisation.

4 MW-assisted technology in
chemistry

MW radiation is part of the electromagnetic spectrum
(EMS), and it is found between infrared and radio waves

Figure 4: Lignin model compounds and representative linkages.
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(Figure 5). This technology was first developed by the mili-
tary in radar applications. Later, it was used in MW ovens
and for wireless radio communication [54–57]. It became
more mainstream largely due to the invention of the MW
generator (magnetron) by A. W. Hull [58] in the 1970s,
resulting in mass production, which dramatically reduced
the price of MW units. A magnetron is essentially a
vacuum device that converts direct current electrical
energy into MWs.

MWs have wavelengths between 1 m and 1 mm, corre-
sponding to a frequency of between 0.3 and 300 GHz [59].
Although other frequencies can theoretically be used as
well, a frequency of ∼2.45 GHz is used for domestic units
by regulation to avoid potential interference with other
equipment that also utilises MW radiation, such as radar
and telecommunications equipment [60].

Before the advent ofMWheating,most reactions employed
slower conventional heat transfer equipment, including heating
jackets, oil baths, and sand baths. These depend on a tempera-
ture gradient passing on heat to the inner parts of the apparatus
[61]. However, MW energy is introduced into the reactor remo-
tely and passes through the vessel walls, uniformly heating only
the reactants and solvent, rather than heating the vessel itself
(Figure 6) [62]. Rapid heating of substrates shortens the reaction
time and prevents over-reaction of the obtained products, redu-
cing by-products and/or decomposition products [62].

In 1986, Gedye et al. [63] reported results comparing
MW-assisted reactions versus conventionally heated reac-
tions. The results proved that MW irradiation considerably
improved the reaction rate, increased efficiency, as well as
added some “non-thermal effects” to the reaction. Other
workers also experimented with other types of reactions
[64]. When used for a polymerisation process, Bakibaev
et al. [65] claimed that the reaction proceeded hundreds
of times faster than conventional heating; while a pyro-
lysis reaction had a lower activation energy compared to
conventional heating [29]. Other researchers have since
claimed improved aromatic compound yield and product

selectivity after conducting MW-assisted lignin depoly-
merisation [7].

MW-assisted reactions are thought to occur by a com-
bination of thermal and “non-thermal effects” [55]. Some
reports have suggested that non-thermal effects improve
the diffusion of the substrate, which helps with mass
transfer in reactions [66]. Super-heating effects are thought
to cause higher localised temperatures in parts of the reac-
tion vessel compared to the bulk material, which probably
makes it easier for reactions with high activation energies
to occur. Some researchers also theorised that MW irradia-
tion increases the reaction rate via non-thermal effects which
increase the exponential factor and decrease the activation
energy, based on the Arrhenius equation, = −∆K Ae G RT/ [62].
Dong and Xiong [67] compared conventional and MW-assisted
pyrolysis of Moso bamboo in a kinetic study. They hypothe-
sised that compared to conventional heating, MW irradia-
tion reduced the free energy of activation (ΔG) [68]. Other
researchers have discussed factor A, which describes
molecular mobility and depends on the frequency of
vibrations of the molecules at the reaction interface.
They argued that MWs influence greater molecular vibra-
tions and therefore may affect factor A as a result [62].

Figure 5: The EMS.

Figure 6: A comparison of conductive and MW-assisted heating
mechanisms.
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These non-thermal effects have been a polarising topic in
MW studies and caused significant controversy. Some
reports disproved these non-thermal effects, and instead
raised several concerns; among them correct temperature
measurements, homogeneity of the reaction components,
and reactor design are critical experimental variables for
a true comparison of MW-assisted reaction with conventional
heating. They argued that these variables were likely the
cause of experimental discrepancies, rather than ascribing
them to non-thermal effects of MW [55,69–73]. It was argued
that fair comparisons were also difficult to make given the
different heating profiles of MW compared to conventional
heating. The inverse heat transfer (heating from inside-out)
often made accurate temperature measurements difficult as
many temperature probes at the time were typically metallic
and unsuitable to be used in an MW environment. Contem-
porary technology has since improved temperature measure-
ment, which could relieve some of the critiques of the past.
Nüchter et al. [74] discussed some contemporary temperature
measurement devices in a review. Other challenges involved
overheating of polar solvents above their boiling point produ-
cing hotspots within the reactants [75,76], or selective over-
heating of the solvent [77,78], and/or catalyst [79]. Discerning
the individual contributions of the effects was inherently a
colossal task in the past and even at present.

Several variables are involved in MW-assisted reac-
tions, making fair comparisons of conventional and MW
heating daunting. Apart from the properties of the solvents
used, the volume, contents, and geometry of the reaction
vessel are also crucial to provide uniform and reproducible
heating. In order to achieve the best possible reproduci-
bility, reactions should be performed in carefully designed
cavities and vessels, in addition to proper temperature con-
trol, which is now possible on modern machines [62]. It can
also be argued that laboratory-scale reactions use compara-
tively high power (300–1,000W) for minuscule quantities.
This results in uncontrolled energy input, higher tempera-
tures, shorter reaction times, and consequently, greater
yields, resulting in observations that can be speculated to
be non-thermal effects.

MW heating has different effects on different sub-
stances. Overall, the interaction of electromagnetic radia-
tion with matter is characterised by three different
processes: absorption, transmission, and reflection. Highly
dielectric materials lead to a strong absorption of MWs and
consequently to rapid heating of the medium [80]. The pro-
ponent of the heating is dielectric polarisation, which
depends on the ability of the dipoles to re-orientate when
an electric field is applied [81,82]. Dielectric constants are
often used to compare the relative heating effect of MW on
different solvents. It represents the ability of a dielectric

material to store electrical potential energy under the
influence of an electric field. A higher dielectric constant
is generally desirable for MW reactions. As a green solvent,
which is globally abundant, water is a convenient solvent
in MW-assisted reactions, given its high dielectric constant
of 80.4ɛS [81]. Depending on the solvents used, the dielec-
tric constant of the lignin reaction mixture can be manipu-
lated to influence the MW breakdown of the lignin into
various chemical products. It is also important to note
that the dielectric constant varies with temperature, which
adds another layer of complex variables to MW-assisted
reactions [18]. When solvents with comparable dielectric
properties are matched, their capabilities to absorb MW
and convert that absorbed energy into heat are also
considered.

The dielectric constant and the dielectric loss factor are
important variables in dielectric heating; the former symbo-
lises the capacity of the material to store electric energy,
while the latter symbolises the capacity of the material to
disperse the electric energy [82]. Ultimately the effectiveness
of materials in MW heating depends on their ability to
absorb and store energy (dielectric constant) as well as the
ability to disperse this internal energy as heat to the bulk
material (dielectric loss); the extent of this depends on the
ratio of dielectric loss to dielectric constant. This comparison
is done using the loss angle. The loss angle quantifies the
efficiency with which the absorbed energy is converted into
heat, providing another useful parameter that can be used
to compare the effect of MW on different materials [62].

The general scale-up of MW-assisted reactions from
laboratory to pilot and industrial scales appears to be
extremely slow with very few pilot-scale MW units glob-
ally. It could be a result of the general lack of consensus in
the scientific fraternity on the proficiency of MW-assisted
technology coupled with potential safety issues regarding
MW radiation and the cost of industrial-type magnetrons
for use in the MW units, or it could be financial due to the
reluctance of industrialists to risk high capital investments
retrofitting their chemical plants with MW technology
without assured rewards, aside from the steep learning
curve their personnel may have to contend with regarding
the safe use of radiation.

4.1 MW heating mechanisms

As part of the EMS, MW radiation can be divided into its
electric and magnetic field components. The electric com-
ponent is responsible for the two fundamental principles
of MW heating, namely dipolar rotation and ionic
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conduction [83], while a third is regarded to be a combina-
tion of both dipolar rotation and ionic conduction mechan-
isms [84]. MW heating and related effects rely on dipolar
polarisation and ionic conduction which are connected
to various properties of the compounds [81], including
permittivity, dielectric constant, dielectric/magnetic loss
tangent as well as viscosity of the fluid and frequency
irradiation which have a partial influence on rotation
[83]. Further mathematical details, which are beyond the
scope of this review, are outlined in other reports [85,86].

4.1.1 Dipolar polarisation mechanism

In dipolar polarisation, the material should have a dipole to
be heated, and when it absorbs energy from the waves, the
transmitted MWs are converted into specific frequencies
[87,88]. When MW penetrates the molecules, the fluctuating
electric field leads to extreme and repetitive oscillation and
realignment of dipoles (Figure 7). Subsequently, molecular
friction is generated inside the material as internal energy,
which causes the material to be heated up with the dissipa-
tion of internal heat to the bulk of the material.

For dielectric heating to occur, the frequency of the
dipole must be low enough to allow the dipoles enough
time to react to the alternating electric field, but high enough
to avoid syncing with the oscillating phase and rotating in
phase with the current. This allows the dipole enough time to
align itself with the electric field but not enough to exactly
follow the electric field. As such, this generates a phase dif-
ference between the orientation of the field and the dipole,
causing an energy loss from the dipole by molecular friction
and collisions, giving rise to dielectric heating [85,86].

4.1.2 Ionic conduction mechanism

Another major interaction of the electric field component
with the sample is via the ionic conduction mechanism.

This mechanism depends, among other factors, on the
ion concentration, ionic size, the dielectric constant of
the medium, the MW frequency, and the viscosity of the
reacting medium [80]. The ions present in a solution are
influenced by an electric field resulting in their migration
throughout the polar liquid as the electric field changes,
which causes them to move back and forth through the
solvent, generating friction as well as increasing the rates
of collision, ultimately expending their kinetic energy as
heat energy (Figure 7) [59,83,89].

The ionic conduction mechanism is a much stronger
interaction compared to the dipolar mechanism with regard
to heat-generating capacity. The heat generated via the ionic
conduction mechanism is added to that from the dipolar
mechanism, overall resulting in a higher final temperature
in ionic solutions. This is referred to as interfacial polarisa-
tion and could be considered as the third mechanism. It is
an important mechanism for systems composed of both con-
ducting and non-conducting materials [84], compared to
pure polar solvents such as water.

Non-polar solvents do not have a dipole; therefore,
they are not heated effectively under MW irradiation, if
at all. Xu et al. [90] used various solvents to liquefy
southern pine sawdust to produce phenolic-rich products
using MW irradiation. Hexane (a non-polar solvent) was
observed to have very low reactivity as a result of its low
ability to interact with MW radiation. This led to low reaction
temperature, and additionally, the solvent also lacked nucleo-
philic reactive functionalities, such as –OH groups, thus
causing the solvent to fail to break the C–O–C linkages in
cellulose and lignin, respectively [90]. Conversely, methanol
and ethanol as polar solvents had a high reaction activity for
decomposition. Their lower molecular weight also provided
favourable permeability and fluidity at higher reaction tem-
peratures, which were beneficial for biomass conversion in
lignin studies. Increasing the carbon chain of alcohols, how-
ever, increased the hydrophobicity and reduced the effect of
MW [90].

The addition of a small amount of salt or a polar sol-
vent with a large loss tangent was observed to improve
the MW heat generation of non-polar solvents [40,64],
attributed to the rapid energy transfer between adjacent
microwavable polar molecules, which had been super-
heated, and non-polar molecules (Figure 8) [62]. This
allows the use of non-polar solvents in MW heating
reactions when mixed with polar solvents; however, misci-
bility challenges may abound. The advent of environmen-
tally friendly and recyclable ionic liquids with excellent
dielectric properties promises to provide good substitutes
for dipolar aprotic solvents in lignin depolymerisation
studies [91,92].

Figure 7: Dipolar and ionic conduction mechanisms of an oscillating
electric field in an MW as it changes between positive and negative
polarity.
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5 Hydrogen donors and associated
donation mechanisms

Dry lignin, without any inherent moisture, has a low MW
ability [22,93]; therefore, depolymerisation of the material
via MW-assisted heating often requires the addition of MW
receptors, including the addition of polar aliphatic alcohols
to the lignin depolymerisation reaction vessel [94]. The
successful addition of such alcohols combined with sui-
table catalysts has been shown to improve the depolymer-
isation of lignin, even under mild reaction conditions.

Hydrogen donor solvents are generally low-molecular-
weight organic solvents [95] with the capacity to release
atomic hydrogen in situ to varying degrees once they are
heated to a specific temperature [22,96–100]. Connors et al.
[101] established the hydrogen-donating effects of particular
solvents such as FA and tetralin in the hydrocracking of
Kraft lignin [101,102]. Many solvents can function as HDS,
and examples include solvents such as decalin, methanol,
ethanol, acetic acid, ethylene glycol (EG), glycerol, and iso-
propanol among others [100,103]. In liquefaction experi-
ments, it was been observed that the atomic hydrogen atoms
donated from donor solvents are more efficiently used com-
pared to gaseous molecular hydrogen in the production of
oil [96,100,104,105]. Hydrogen donation reactions of selected
HDS are shown in Figure 9.

HDS, either on their own or with catalysts [17,93,106,107],
play several crucial roles in improving hydrolysis, hydroge-
nation [5], deoxygenation, and hydrocracking reactions with
inhibition of polycondensation into bio-char by quenching
reactive radicals produced by the heated biomass in the
lignin depolymerisation process [53,100,108], in turn, improving
the quality of bio-oil produced [103]. Patil et al. [95] outlined the
solvent’s hydrogen-donating ability, the capability to solvate
the lignin, and viscosity as important factors to consider
concerning the choice of HDS [95,109]. Overall, the action of
alcohols depended on their hydrogen-donation and alkylating
abilities [100,110,111].

FA appears to be the most popular HDS used in
research, and it has been utilised in several reports in

lignin depolymerisation [44,90,112–114]. Using alkaline
lignin, Shao et al. [113] enlisted MW-assisted degradation
of alkaline lignin in methanol/FA media. They investigated
the role played by various variables, such as FA amount,
reaction temperature, and reaction time, in actual lignin
depolymerisation, and reached a similar conclusion as Xu
et al. [90]. They reasoned that even though FA, a typical in
situ hydrogen donor was used, the anticipated hydrogena-
tion reaction was probably not the only mechanism fol-
lowed in these reactions. It appeared that the FA was also
an acid catalyst based on the large amount of catalysed
products, rather than typical hydrogenation products, such
as hydrogenated phenyl side chains.

This theory was further corroborated by Zhou et al.
[114] using alkaline lignin and de-alkaline lignin in a MAD
in the presence of FA and ethanol to produce bio-oil and
phenolic monomers. They were able to determine that FA
acted as both catalyst and in situ hydrogen donor. Zhou
and co-workers [114] collected more products under acidic
extraction conditions compared to neutral or basic condi-
tions, producing bio-oil products with improved quality.
This was attributed to pH adjustment-induced ionisation
of solutes, which improved the affinity between the solutes
and the associated extraction solvents used. It was also
revealed that bio-oil derived from de-alkaline lignin had
a lower average molecular weight compared to alkaline
lignin-based bio-oil. The alkaline compounds in the alka-
line lignin likely neutralised some of the FA catalyst,
causing a decreased degree of depolymerisation with the
alkaline lignin. Numerous research reports show FA used
in different lignin systems [115–118].

Methanol has been observed to participate in esterifica-
tion reactions with acidic lignin fragments forming methyl
[95,113,119] or alkyl-substituted phenols as well as promoting

Figure 9: Hydrogen donation by common HDS.

Figure 8: Localised superheating resulting from MW absorption by polar
solutes and subsequent dissemination to non-polar solutes.
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demethoxylation of methoxy side chains [108]. In an MW-
assisted approach, several alcohols were compared, including
methanol and ethanol. Methanol was determined to be a better
non-water solvent because of its good hydrogen-donating abil-
ities coupled with good lignin solubility. It improved the liquid
product yield and decreased molecular weights of lignin frag-
ments, seemingly due to its higher polarity [119]. By contrast,
Cederholm et al. [17] suggested that ethanol was a better sol-
vent than methanol. The authors asserted that ethanol was a
better capping agent that could scavenge reactive free radicals.
They also suggested ethanol’s greater alkylation prowess com-
pared to methanol, suggesting that O-ethylation is more likely
than O-methylation. This alkylation decreased the phe-
nolic OH groups and stabilised the fragments produced
in the depolymerisation reaction [120]. This highlights
some of the challenges associated with lignin depolymer-
isation studies whereby direct comparisons are often dif-
ficult to make due to subtle differences in variables used
in studies conducted.

Furthermore, when compared to ethanol, methanol
could oxidise to formaldehyde, which was likely to cause
oligomerisation with phenolic intermediates in the reaction
mixture, similar to phenol–formaldehyde resins (resoles
and novolacs) (Scheme 1) [121]. Ethanol’s good capping abil-
ities appeared to scavenge reactive formaldehyde inter-
mediates and other depolymerised monomer species, which
could have contributed to ethanol being the better HDS in
terms of the product yield [121].

As a hydrogen donor solvent, EG has a high loss tan-
gent, and it effectively absorbs MWs; however, at high
temperatures, the solvent tends to become transparent to

MWs, requiring more MW power to maintain the tempera-
ture of the setup. EG showed inordinate efficiency in terms
of conversion yield when it was used in the liquefaction of
empty fruit bunches, as a result of its high dipole moment
[100,122].

Tetralin is converted into naphthalene after dehydro-
genation to release atomic hydrogen [101,118,123,124] and
produces good yields of bio-oil as well, although its use in
lignin studies was infrequent. As it is not a renewable HDS,
its successful application in sustainable HDS-mediated sol-
volysis is not guaranteed.

Following sound circular bio-economy guidelines, HDS
should ideally be green solvents, which are easily generated
from renewable sources such as biomass and preferably
come from the bio-refinery itself to reduce the logistical
challenges involved in ferrying raw materials from afar,
aside from the associated carbon emissions involved. In
short, the incorporation of HDS into the lignin depolymer-
isation process would result in a process that is cheaper
and safer, given the risk of an explosion associated with
molecular hydrogen, making HDS-assisted lignin depoly-
merisations more practical [14,95,109,125]. Recent reports
have proposed hemicellulose as a hydrogen donor for the
reductive cleavage of the β–O–4 ether bond [5,126], a devel-
opment which would make the lignin solvolysis process
even more sustainable as the biomass would essentially
self-stabilise during liquefaction of biomass to produce aro-
matic compounds.

6 Lignin depolymerisation reaction
mechanisms in HDS under MW-
assisted heating

Lignin ether and C–C bonds typically fragment via hetero-
lytic cleavage or homolytic cleavage mechanisms. This pro-
duces a plethora of intermediates that are stabilised by
hydrogen species or fragments derived from HDS used in
reactions, or even other lignin fragments, which may result
in undesirable and more complicated condensed struc-
tures. The activation of ether bonds is pivotal, especially
since they are the most abundant linkages for maximum
lignin depolymerisation, although other ether bonds such
as 4–O–5 and dibenzodioxocin units are also present
[24,127]. C–C bonds may also be broken, as they have a
higher bond dissociation energy (BDE) and are unfavour-
able compared to weaker β–O–4 bonds. The solvolysis
mechanisms of lignin depolymerisation can be grouped
into heterolytic and homolytic cleavage mechanisms.

Scheme 1: Formation of resoles and novolacs from formaldehyde and
phenol.
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6.1 Heterolytic cleavage

In this mechanism, a bond is broken unevenly, resulting in
two oppositely charged species when electrons are trans-
ferred from one bonding atom to the other.

A general overview of the cleavage of lignin into var-
ious fragments is shown in Scheme 2. The products depend
on the location of the bond to be cleaved. The ether bond
Cβ–O is often preferred over Cα–Cβ because of a lower BDE.
Nevertheless, the cleavage of Cα–Cβ or Cα–OH or H abstrac-
tions forming the Cα]Cβ double bond is also possible
[113,128–130]. The cleavage of C–C bonds was observed to
be greater in a MW-assisted reaction, relative to conven-
tional heating. In this reaction, the monophenolic com-
pound yield was observed to increase from 0.92 to 13.61%
under MW irradiation [64]. The role of MW-derived non-
thermal effects in the form of a surge in the pre-exponential

factor and a decrease of the activation energy based on the
Arrhenius equation was indicated, which promoted the
cleavage of C–C bonds, including Caryl–Cα bonds [24] Liu
et al. [106] also confirmed the cleavage of inter-unit aryl ether
linkages on Cα or Cβ atoms of the aliphatic side chain of oli-
gomers, which led to an abundance of aldehyde- and ketone-
type aromatic compounds. This was achieved without the
need for a catalyst, ensuring the green depolymerisation of
lignin. In a DFT study, Li and Vlachos predicted that
increasing the methoxy groups on the aromatic struc-
ture overall decreased the C–C barrier making 5-5′ lin-
kages, which are the strongest bonds in lignin, easier to
cleave [131].

The mechanism of the cleavage of the β–O–4 linkage,
as the most common moiety in lignin, is the focal point of
most mechanisms postulated thus far (Scheme 3). The acti-
vation of the ether bond is pivotal in this mechanism. This

Scheme 2: Lignin depolymerisation into aromatic products via the cleavage of ether and C–C bonds.
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is achieved via a fast and reversible protonation of the
ether bonds, forming an oxonium ion, making it electro-
philic, and thereafter a base. Typically, the alkoxyl base of
the alcohol used or even water serves as a nucleophile
attacking the electrophilic carbon atom adjacent to the
ether bond [90]. Subsequently, electrons move towards
the oxonium ions creating a good leaving group and neutral
hydroxyl group by cleaving the C–O bond. The produced
oligomers may then undergo subsequent hydrolysis into
variations of H-, G-, and S-type units [30,106,109,132,133].
This secondary fragmentation-hydrolysis mechanism was
postulated by Song et al. [109] and corroborated based on
an observed inverse correlation between particular oligo-
mers and monomers by Zhou et al. [134] and Liu et al.
[106]. This confirmed that oligomers were subsequently
cleaved into smaller monomer fragments after the initial
cleavage into oligomers [134], although oligomers could
also react with each other to produce condensed struc-
tures, which is undesirable in depolymerisation reac-
tions. This re-polymerisation phenomenon is dependent
on several factors, including temperature, catalyst, and
solvents used [134].

Deliberate alteration of lignin before depolymerisation
has also been developed to improve solvolysis and the
selectivity of resultant monolignol products [15,135]. Zhu
et al. [15] used MW irradiation in a two-step depolymerisa-
tion process to efficiently achieve a 98% methylation degree
of the benzylic alcohol after just 2 min.

This methylation improved the reactivity and cleavage
of β–O–4 by 55.9% as well as product selectivity after using
methanol and a Pd/C catalyst. Mark’s group acetylated both
primary and secondary hydroxyl groups in the α and γ
positions in β–O–4 lignin environment to ultimately pro-
mote the methylation process, which in turn improved the
subsequent cleavage of β–O–4 bonds [136]. Using aspen
lignin, Rahimi et al. [44] developed a strategy for the che-
moselective oxidation of the benzylic OH on Cα to a ketone

first, before depolymerisation was conducted. Subsequently,
an FA/sodium formate combination was used in the ensuing
depolymerisation. The authors speculated that the benzylic
carbonyl group polarised the Cβ–H bond of the adjacent
carbon, which effectively lowered the energy barrier for
the rate-limiting elimination reaction of H abstraction by
the base. A result of the elevated acidity of the Cβ–H, com-
bined with orbital overlap between the existing C]O π
system and the developing π system of the unsaturated
bond formed as the H is abstracted.

After the initial oxidation of the Cα alcohol to a ketone
(1), FA acted as a Brønsted acid catalyst and induced the
formylation–dehydrogenation–hydrolysis reaction mechanism,
as shown in Scheme 4. In this mechanism, the FA reacted in
what appeared to be an esterification reaction with the Cγ
alcohol in a formylation reaction (2). Thereafter, the base (which
could be formate in this instance) abstracted H from the Cβ,
while simultaneously a double bond was formed between Cβ
and Cγ atoms; meanwhile, the Cγ–O bond broke as FA was
eliminated after the abstraction of the subtle differences in
the studies which appear to have produced these differences
are notable. Rahimi et al. used acid and a conjugate base com-
bination (CH3COOH/CH3COO−), whereby the formate ion likely
acted as a base to abstract the H (3), whereas Oregui-Bengoe-
chea et al. showed the use of an alkoxide as the base which
abstracted the H in the elimination step (13) to form methanol
in a reaction catalysed by the NiMo/alumina catalyst. Both
authors agreed about the dual role played by FA as a hydrogen
donor and a catalyst [44,112], leading to both depolymerisation
and stabilisation of lignin fragments [114].

Part (c) in Scheme 4 portrays the formylationmechanism
steps as computed by Qu et al. [135] in a DFT mechanistic
study. The attack was carried out using two HCOOH mole-
cules on the Cγ hydroxyl group forming a gem-diol inter-
mediate, possibly assisted by hydrogen bonding. One FA
molecule (Scheme 4, in green) acted as an electrophile while
the other (in red) shuttled hydrogen from the Cγ–OH to the

Scheme 3: Mechanism of the cleavage of a β–O–4 bond forming an alkenyl product.
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Scheme 4: The role of FA in the cleavage of lignin: (a) the formylation–dehydrogenation–hydrolysis mechanism, (b) the formylation–dehydrogen-
ation–hydrogenolysis mechanism, and (c) the formylation mechanism of FA.
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carbonyl group of the electrophilic FA molecule attacking the
Cγ–OH via its O atom. Thereafter, dehydration of 3 generates
the formylation product via another H shuttle, which is
known to reduce the energy barrier for dehydration to occur.
Water can also act as a hydrogen shuttle; however, it is a
weaker Brønsted acid than FA and is unlikely to have been
involved in this case [135]. Oxalic acid has also been studied to
have the potential to take part in formylation-type reac-
tions [137].

Zhu et al. [24] reported the collusion of MW-assisted
heating and ferric sulphate in the catalytic cleavage of
Cα–Cβ to a 96.3% bond cleavage degree using organosolv
lignin in methanol (Scheme 5). The choice of HDS was
peculiar given the general low solubility of both the hydro-
phobic lignin and the ferric sulphate salt in methanol.
Nevertheless, the authors claimed that the reaction was

more facile under MW-assisted heating than under con-
ventional heating and overall the MW assistance improved
the yield of aromatic monomers. The cleavage of the Cα–Cβ
bonds was proven based on the presence of Cα–Cβ cleavage
products and the absence of anticipated β–O–4 bond clea-
vage products. Unfortunately, the authors did not give
any particular insight into why the β–O–4 with a lower
BDE was not preferentially cleaved rather than the Cα–Cβ
bond with a higher BDE. It would be interesting if the
same protocol could be applied to an α–O–4 to break the
Cα–Cβ bond.

The researchers suggested a reaction mechanism that
proceeded via initial etherification of the Cα-hydroxyl group
facilitated by H+ and the methanol solvent conditions, as
suggested by others [112], rather than merely its typical
hydrogen donor role. Thereafter, water was involved in

Scheme 5: The reaction mechanisms involved in the cleavage of C–C bonds. (a) The depolymerisation mechanism of lignin via the etherification of Cα
hydroxyl group using methanol in ferric sulphate. (b) The hydrolysis mechanism of C]C cleavage in a vinyl ether into alcohol.
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shuttling hydrogen from Cβ to the methoxide substituent re-
forming the methanol used in etherification. This elimina-
tion of methanol and water simultaneously forms an alkenyl
product from the elimination, and thereafter the Cα–Cβ bond
is cleaved.

DFT calculations predicted that the yield of the clea-
vage of the phenolated dimer was much greater than the
non-phenolated dimer [24] because the phenolic dimer was
more thermodynamically favourable to form the alkenyl
precursor, which then cleaved into the final products. MW

Scheme 6: Vinyl ether cleavage into alcohol and carbonyl compounds. Adapted from the study of Sturgeon et al. [127].

Scheme 7: Mechanism of C–C and β–O–4 bond cleavage using EG.
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heating also vastly improved the selective cleavage of the
Cα–Cβ bond in lignin and contributed to a narrow distribu-
tion of aromatic monomers. It was unclear how the
cleavage of the Cα–Cβ proceeded from the mechanism
described, or the fate of the Cβ atom after step 6. Given
that the molecule formed after step 5 is an enol ether
(specifically a vinyl ether), the H+-mediated hydrolysis
could have produced an aldehyde and an alcohol instead,
as shown in step 8, similar to step 5 of part (a), Scheme 5.
The H-mediated hydrolysis mechanism of vinyl ethers
is shown in detail in part (b) for further elaboration.
Sturgeon et al. [127] created a reaction mechanism based
on DFT calculations showing the vinyl ether hydrolysis
mechanism (Scheme 6).

Dhar and Vinu [93] observed the incorporation of the
HDS solvent used into the lignin fragments during the
cleavage using EG as a solvent [93], and the suggested reac-
tion mechanism is shown in Scheme 7. It involved EG
taking part in the etherification-type reaction with the
Cα–OH, similar to using methanol as portrayed by Zhu
et al. [24] in Scheme 5, inset (a), which resulted in two
possible cleavage routes, either via the Cα–Cβ cleavage
route or the β–O–4 route. In the former reaction, dehydra-
tion results in an aldehyde of the carbonyl group forming
on the Cα carbon (step 6) after a Cα–Cβ bond cleavage,
presumably after etherification. In the β–O–4 bond clea-
vage route, a ketone is produced instead as the Cα–Cβ bond
is still intact. The carbonyl group also forms on Cα, as with
the Cα–Cβ bond cleavage route. The authors also presented
the formation of a diether intermediate formed from the
incorporation of the EG into the lignin. EG may also form in
situ diol-stabilised C-3 ketals and C-2 acetals as products,
using the carbonyl compounds product (Scheme 8) [138].

Liu et al. [41] used a tandem system with metal triflates
and a Pt catalyst in methanol solvent; their proposed
mechanism is based on earlier work by Assary et al.
[139], and the metal triflates participated in β–O–4 scission
as Lewis acids (Scheme 9). The Cα–H and Cβ–O bonds were
cleaved and the H was transferred from the Cα to the O of
the β–O–4 bond resulting in an alkenol. This is due to metal
triflates that have Lewis acid assisted-Bronsted acidity
derived from the complexation of the metal centre with
a protic solvent (Scheme 10) [140]. The Bronsted acid’s
acidity likely improved the cleavage of the β–O–4 bond
using H+ as observed by the Fe(OTf)3 complex that had
the greatest acidity and afforded the highest yield.

The hydrolysis of the metal chloride catalyst into in situ
Brønsted acid HCl was postulated when metallic chloride
catalysts (MgCl2, AlCl3, FeCl3, ZnCl2, and MnCl2) were used.
A MW-assisted lignin depolymerisation method was con-
ducted in a FA and hydrochloric acid system under mild

conditions (160°C for 30 min) [140]. Previous studies
[141–143] demonstrated the depolymerisation activity of
Lewis acids once converted into Brønsted acids via a reac-
tion of the Lewis acid with water, or low-molecular-weight
alcohol used [144]. Once formed, the Brønsted acid proceeds
with the cleavage of the β–O–4 linkage [145], as already
discussed (Scheme 3). However, the original purpose of
including the HCl as a reactant, as well as how to differ-
entiate the potential effect of the formed HCl from the salts
versus the original HCl used as a reactant, was not reported.
In addition, the differences in MW absorptivity of the var-
ious salts used were not taken into account and could have
led to disparities in the observed results.

Scheme 8: Formation of diol-stabilised ketal and acetal using EG.
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An alternative mechanism was involved in the action
of the metal cations present in the solution. Using Zn2+ to
illustrate, the cation coordinated with the oxygen atom
positioned at β–O–4, which possibly weakened the Cα–Cβ
bond (Scheme 11). Shu et al. [146] described the synergistic
effects of Pd/C and ZnCl2. The metal cation also interacted
as a Lewis acid with ether bonds and promoted their clea-
vage via hydrogenolysis, with the assistance of a Pd/C cat-
alyst (Scheme 12). Meanwhile, the Cl− weakened the β–O–4
bond by lowering its dissociation energy. Shao et al. [147]
recently corroborated this using a methanol/FA combina-
tion with a Pt/C catalyst in synergy with nine different

metal chlorides. ZnCl2, CrCl3, and FeCl3 were observed to
significantly promote lignin depolymerisation. The authors
attributed this to the higher valence of the metal cation,
which improved the Lewis acid strength of the metal
cation, allowing more acid centres, in turn promoting
lignin depolymerisation [147]. Comparing ZnCl2 and zinc
acetate, the former was observed to have a higher bio-oil
and aromatic monomer yield than the latter, an indication
that as a highly electronegative element the Cl− ion was
an excellent nucleophile which played a role in β–O–4
cleavage in the depolymerisation process [148,149]. The
authors suggested that, overall, both the cation and anion
worked in synergy with the Pd/C in the depolymerisation
reaction.

Parallel to heterolytic and homolytic cleavage occurring
between lignin units, side chain cleavage methyl transfer,
demethylation, and hydrolysis of methoxyl groups may also
occur and, at higher reaction severity, alter the composition
of phenolic products [150]. In particular, side-chain cleavage,

Scheme 9: Mechanism of lignin depolymerisation using triflate-assisted β–O–4 bond cleavage.

Scheme 10: Lewis-assisted Bronsted acidity.

Scheme 11: The cleavage of β–O–4 bond using Zn2+ as a Lewis acid to weaken the Cα–Cβ bond.
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methyl transfer, and demethylation reaction of phenolic
compounds were also observed to occur during lignin depo-
lymerisation producing a significant proportion of phenols,
a phenomenon that was touted to enable selectivity of aro-
matic products, rather than a myriad of products that
induce separation challenges as researchers are currently
faced with.

This lowers the dissociation energy of the ether bond,
subsequently allowing the weakened O–C bond to cleave
heterolytically. Thereafter, the positively charged methyl
group can be transferred to the aromatic ring, followed by

the formation of the methyl-catechol (Scheme 13). Shu et al.
[146] obtained the largest yield using a CrCl3 catalyst, prob-
ably a result of a strong Lewis acidity, which encouraged
demethoxylation and alkylation, converting the guaiacols
into phenols (Scheme 13) [146].

Most reaction mechanisms focused on the β–O–4
linkage; however, recently Polidoro et al. [151] reported
a catalytic transfer hydrogenation (CTH) mechanism
involving the α–O–4 linkage in benzene phenyl ether
(BPE). In this reaction, a Ru/C catalyst and isopropanol
were used as HDS (Scheme 14). The proposed mechanism
proceeded by initial absorption of isopropanol HDS onto
the ruthenium catalyst sites using its hydroxyl groups.
Thereafter, the transfer of the α-hydrogen atom from the

Scheme 12: Synergistic effect of metal chlorides and the Pd/C catalyst in lignin depolymerisation. Adapted from the study of Zhang et al. [145].

Scheme 13: Demethoxylation mechanism and conversion of guaiacol
into catechol. Adapted from the study of Zhang et al. [145].

Scheme 14: The catalytic transfer hydrogenation cleavage mechanism of an α–O–4 linkage in benzene phenyl ether using isopropanol as HDS, in turn
produces aromatic products, which can undergo hydrogenation into cyclohexanes. Adapted from the study of Polidoro et al. [151].

Figure 10: DPE.
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isopropanol to the α-methylene moiety of BPE ensued,
which in turn weakened the ether C–O bond, resulting in
its cleavage and subsequently the production of the
toluene product. The phenol product was later formed
after another catalytic transfer of hydrogen. Mean-
while, the isopropanol HDS was converted into acetone
after its dehydrogenation. Due to the significant cata-
lytic hydrogenation efficiency of the Ru catalyst, unde-
sirable cyclohexanes were also observed from the
excessive hydrogenation of the aromatics products initi-
ally produced.

The mechanism for the 4–O–5 linkage in the diphenyl
ether (DPE) reaction conducted (Figure 10) was not reported.
However, similar products to BPE were observed with DPE,
namely benzene, phenol, and cyclohexanol; it is therefore
probable that DPE followed the same mechanism as BPE.

Although researchers were able to provide insights into
the proposed cleavage of α–O–4 and 4–O–5 using model com-
pounds, the proposed mechanism cannot simply be extrapo-
lated to actual lignin studies given the structural complexity
of lignin and other associated kinetic considerations.

The substrate/catalyst ratios usually used with expen-
sive commercial catalysts were typically 1:1, which appears
untenable for the potential scale-up of the lignin depoly-
merisation process; Polidoro et al. [151] used a 1:2 ratio.
Although it is noteworthy that they successfully recovered
and recycled the catalyst six times without any observed
loss in the catalytic activity, we propose a more prudent
approach in designing catalysts from abundant and
cheaper earth metals, oxides, and their salts, given
that they have shown some decent catalytic activity
[145]. Particular focus should be placed on those

Scheme 15: A summary of selected homolytic depolymerisation reactions of lignin.
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Table 1: A summary of selected MAD reactions

Lignin source Reaction conditions Prominent monomers in
products

HDS Catalyst(s) Ref

• Biolignin,
eucalyptus lignin,
hardwood lignin

L/S = 12.5, 400 W, 180°C, 60 min • Syringol FA NiO/H-ZSM-5 [46]
• Syringaldehyde
• Syringic acid
• Acetosyringone

• Olive tree
pruning waste
lignin

L/S ratio 25, 400 W, 140°C, 30 min • Syringol FA Ni/Al-SBA-15 [22]
• Syringaldehyde
• Vanillin

• Black liquor
lignin

600 W, 130°C, 30 min • Vanillin FA HUSY catalyst [30]
• Ethanone,1-(4-hydroxy-3-
methoxyphenyl)
• 2-Propanone,1-(4-hydroxy-3-
methoxyphenyl)
• Phenylacetylformic acid,4-
hydroxy-3-methoxy
• Ethanone,1-(4-hydroxy-3,5-
methoxyphenyl)
• Dibutylphthalate

• Olive tree lignin L/S = 25, 400W, 140°C, 30 min • Mesitol FA Ni, Ru, Pd, Pt NPs
supported on Al-
SBA-15

[102]
• Syringaldehyde
• Vanillin
• Mesitol
• 2,3,6-Trimethylphenol
• Syringaldehyde

• Alkaline lignin
(corn cob)

L/S = 24, 400 W, 120–180°C,
15–45 min

• 2,3-Dihydrobenzofuran Methanol-FA None [113]
• Vanillin
• p-Coumaric acid
• 2-Propenoic acid,
• 3-(4-Hydroxy-3-
methoxyphenyl)
• Benzaldehyde
• Ethanone,1-(4-hydroxy-3,5-
dimethoxyphenyl)-
• 3,5-Dimethoxy-4-
hydroxycinnamaldehyde

• Alkaline lignin 1 g lignin, 1 mmol metal chloride,
0.2 g Pt/C, 20 mL MeOH, 4 g FA,
400 W, 140–180°C, 15–45 min

• 2,3-Dihydrobenzofuran Methanol/FA Pt/C and metal
chlorides

[147]
• Phenol
• Phenol, 4-ethyl-
• 2-Propenoic acid, 3-(4-
hydroxyphenyl)-, methyl ester
• Phenol, 2-methoxy-
• 2-Propenoic acid, 3-(4-
hydroxy-3-methoxyphenyl)-

• Ethanol
organosolv lignin
(bamboo)

L/S = 24, 80 W, 100–200°C,
20–60min

• Guaiacol Ethanol/FA None [120]
• Vanillin
• Syringol
• Homovanillyl alcohol
• Syringaldehyde
• Acetosyringone
• Desaspidinol

• Ethanol
organosolv lignin
(olive tree
pruning)

L/S = 12.5 30 min, 150°C • Syringol Tetralinisopropanol,
glycerol, and FA

NiAl-SBA15 [22]
• Vanillin and
• Syringaldehyde

• Southern pine
sawdust

L/S = 6, 15 min at 180°C, 700 W • 2-Methoxy-4-propyl-
phenol and

Methanol H2SO4 [90]

(Continued)
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catalysts with magnetic properties, which enable easy
recovery from the reaction mixture by magnetic means,
for example, magnetite, Fe3O4. Catalysts fabricated
from the biomass-derived catalyst support would also
add to the overall sustainability of the process. The cou-
pling of MW depolymerisation with other means of lignin
depolymerisation such as photocatalysis depolymerisa-
tion [12,152] could also help to improve the yield
and selectivity of catalysts in MAD by introducing new
favourable reaction mechanisms, which are currently
unknown.

Virtually, all the precious metal catalysts used in MAD
were supported on an activated carbon (AC) matrix. Some
catalysts and AC itself were good MW absorbers capable of
inducing hotspots in the reaction system [153]. AC also
played a role in product yield and selectivity [153,154].
However, researchers appear to omit catalyst-free AC in
control experiments, which would better enable a fair
comparison of MAD catalysed and uncatalysed reactions.
We speculate that some effects attributed to solely the cat-
alysts, including some reaction mechanisms, could have

been the combined effects of the AC support and the
catalysts.

6.2 Homolytic cleavage

In this type of reaction, various types of bonds in lignin and
the HDS fragment equally produce free radicals, rather
than form ions, as with heterolytic cleavage. The H radicals
are often used to stabilise the radical fragments from lignin
depolymerisation and hopefully curtail free radical poly-
merisation into biochar, which is unwanted, unlike in
heterolytic cleavage where H+ is often involved in bond
cleavage. Given that the original formation of lignin in
plants is believed to be a bio-synthesis process that occurs
via oxidative radical–radical coupling of monolignols [155],
it is plausible that lignin’s degradation is also a radical-
initiated mechanism. Alternatively, perhaps both hetero-
lytic and homolytic mechanisms are simultaneously
involved in the same vessel during lignin degradation
(Scheme 15).

Table 1: Continued

Lignin source Reaction conditions Prominent monomers in
products

HDS Catalyst(s) Ref

• 4-Hydroxy-3-methoxy-benzoic
acid methyl ester

• Alkaline lignin L/S = 40, 400 W,
100–160°C,40–80 min

• p-Hydroxyacetophenone Methanol CuNiAl [134]
• Guaiacol
• p-Hydroxyacetovanillon
• Syringaldehyde

• Organosolv
lignin (eucalyptus)

160°C, 30 min • Vanillin Methanol/water Fe2(SO4)3 [24]
• Syringaldehyde
• Methyl vanillate
• Methyl syringate

• Ethanosolv lignin L/S = 24:1, 100 W, 160°C, 30 min • N/D Methanol H2SO4 [156]
• Black liquor
lignin

120°C, 30 min • Ethanone,1-(4-hydroxy-3-
methoxyphenyl)

Isopropanol None [106]

• Ethanone, 1-(4-hydroxy-3,5-
dimethoxy phenyl)

• Wheat straw
alkaline lignin

L/S = 20, 300 W, 120°C, 40 min • 3,4,5-Trihydroxybenzoic acid Phenol/EG H2SO4 [64]
• Phenol
• 2-Methoxyphenol
• 2,6-Dimethoxyphenol
• 4-Hydroxy-3-
methoxybenzoic acid

• Alkaline lignin L/S = 50, 600 W, 100–140°C,
20–80 min

• Syringaldehyde EG, DMSO, DMF None [93]
• Acetosyringone
• Guaiacol
• Anisole

Key: L/S = liquid to solid ratio, N/D = no data given.
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A summary of some free radical-mediated reactions is
shown in Scheme 14, stemming from a β–O–4 homolytic
fission from the cracking of the Cβ–O bond into free radi-
cals. As reactive species, these radicals then undergo var-
ious reactions until eventual termination. The lignin
fragments could eventually couple with a free radical,
abstract an H radical from other lignin fragments to
form the oligomers or compounds, which are found in
the depolymerisation product, and can fragment further
into more aromatic products. The main depolymerisation
reactions of lignin are summarised in Table 1.

7 Conclusions and future prospects

In general, β–O–4 linkages are the focal point of most
lignin depolymerisation studies due to their abundance
and low BDE. Most reaction mechanisms of lignin depoly-
merisation involve the cleavage of this linkage. The Cα and
its hydroxyl group also appeared to be involved in a sig-
nificant number of heterolytic mechanisms. Modification
of the Cα–OH by oxidation to a ketone was observed
to improve subsequent depolymerisation. The presence
of OH on the phenyl ring appeared important enough
to improve the reactivity of the β–O–4 linkage, thereby
causing an unzipping mechanism starting from the term-
inal unit with phenolic ends of branched, polymer chains
inward toward the core of the polymer. Metal cations also
play significant roles in cleaving β–O–4 by acting as Lewis
acids using their d-orbitals to accommodate the lone pairs
of electrons on the oxygen atom of β–O–4.

While most research appeared to focus on β–O–4 bond
cleavage, C–C bonds were also reportedly cleaved under
MW-assisted conditions, resulting in uniquely Cα–Cβ clea-
vage type products. The reaction mechanism is not clear,
however, opening speculation as to either a vinyl ether
hydrolysis or via homolytic fission mechanism.

Reaction mechanisms on the cleavage of α–O–4 lin-
kages using benzene phenyl ether have recently been pro-
posed. The reaction pathway was proposed to occur via a
catalytic hydrogen transfer reaction mechanism between
lignin model compounds and the isopropanol HDS in a
reaction facilitated by a Ru/C catalyst. We suggest that a
similar mechanism likely occurred to cleave the 4–O–5
linkage in the DPE lignin model used in the same study,
based on the presence of benzene and phenol in the reac-
tion mixture of DPE.

HDS used by most researchers were either alcohols or
carboxylic acids and they seemed to have slightly different
roles when applied in lignin depolymerisation. Alcohols

mainly played H-donor, etherification, and alkylation roles,
which stabilised reactive lignin fragments and prevented
condensation, while acids played the roles of hydrogen
donation and catalysis based on their Brønsted acid status.

Overall, the most common products reported were
syringol, syringaldehyde, vanillin, and guaiacol, while the
most common commercial catalysts used to produce high
yields were Pt/C, Pd/C, and Ru/C. Unfortunately, apart from
being expensive precious metals, these catalysts are also
capable of inducing hydrogenation of the aromatic rings
to cyclohexane, which is undesirable in the production
of aromatics. Using cheaper earth-abundant metal cata-
lysts with relatively good yields and selectivity has more
favourable process economics to potential biorefineries of
the future, and some reports demonstrated MAD success-
fully conducted in catalyst-free HDS, which is even more
favourable.

In catalysed MAD, using AC support, researchers
appeared to ignore the potential effect of the AC on which
their commercial catalysts were supported. This omission
was surprising given that AC is a good MW absorber cap-
able of inducing hotspots in the vessel and contributing to
the yield and selectivity of products. We recommend the
inclusion of catalyst-free AC in control experiments to
negate the effect of the AC support used in catalysts,
rather than omit the AC altogether in the control experi-
ments. Such oversight could result in unfair comparisons
and incorrect deductions.

The ideal MAD catalyst with both high yield and excel-
lent selectivity has proven elusive so far. Using successive
MAD catalytic steps with different catalysts and taking
advantage of their different catalytic properties could aid
in this regard. The successive application of MWs and
photocatalysis to harness the full potential of both techni-
ques is also recommended.

Based on the reports, the controversial “non-thermal
effects” were not always evident from the reaction mechan-
isms studied, rather the effects appeared thermally related.
MW-assisted reactions have a distinct advantage over con-
ventional heating as a result of the volumetric heating pat-
tern which is more efficient resulting in a high heating rate,
a property linked to several variables on the Arrhenius
equation to explain the improvement in MW-assisted reac-
tions. The reaction mechanisms described did not appear to
be specific to MW-assisted reaction inmost cases for them to
be a result of non-thermal effects, rather they appeared to
be effects derived from the different heating profiles of MW,
which are essentially thermal. The use of polar com-
pounds in the form of alcohols and carboxylic acids,
and ionic substances such as metallic salts are convenient
in MW-assisted reactions based on the two main heating

Reaction mechanisms in MW-assisted lignin depolymerisation in HDS  21



mechanisms of MW, namely dipolar polarisation and
ionic conduction. However, the proper comparison of
MW-assisted and conventional heating sources is also
complicated by changes in the dielectric properties of
solvents with temperature, which changes the interaction
of the MW energy and the solvent resulting in disparities
in heating rates.

Computational studies using DFT calculations proved
extremely useful in determining feasible pathways to inter-
pret the reactivity difference. This enabled the completion of
mechanistic steps for catalysis showing the energy profiles
of proposed pathways’ however, DFT showed relative stabi-
lities (thermodynamics) of species and cannot be used to
address the kinetics of proposed intermediates. Incorporating
isotopic studies for mechanism determination could improve
the determination of reaction mechanisms [109,157]. Some
mechanisms proposed were deduced from aromatic reaction
products and sometimes appeared speculative and ambiguous.

With the advent of artificial intelligence (AI), the
synergy of AI and computational chemistry could ulti-
mately improve the determination of mechanisms in
lignin depolymerisation studies. We propose that AI and
computational chemistry combined could become the
solution to the longstanding challenge of determining
the ideal parameters and catalysts for the best yield and
selectivity in MAD of lignin.
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