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Abstract: Due to the increased and excessive consumption of fossil fuels, sustainable alternative
energy sources are badly needed to replace fossil fuels. The conversion of biomass into energy and
value-added chemicals is one of the most promising potential pathways to solve this problem. Mil-
lions of tons of lignin, one of the major components of biomass, are produced annually as a byproduct
of various industries, where it is treated as a low-value material. However, since it has an aromatic
polymer nature, lignin is a proven source for different value-added products. Studies suggest that the
selective cleavage of a specific bond of the complex lignin structure is one of the major challenges of
converting lignin to a targeted product. In this study, eight different lignin depolymerization methods,
both traditional and green, are reviewed. Acid and base catalytic depolymerization methods are
straightforward, but due to their low selectivity and comparatively severe reaction conditions, they
are expensive and not eco-friendly. Pyrolysis-based depolymerization comes with similar problems
but has a higher conversion. In contrast, greener approaches, such as oxidative, microwave-assisted,
super/sub-critical fluids (SCF), ionic liquid (IL), and deep eutectic solvent (DES)-based depolymer-
ization techniques, have shown higher efficiency in terms of converting the lignin into phenolic
compounds even under milder reaction conditions. SCF, IL, and DES-based approaches will likely
become more popular in the future for their greener nature. Overall, depolymerization of lignin with
greener technologies could make this process more economically viable and sustainable.

Keywords: depolymerization techniques; lignin; comparison; greener advances; mechanism

1. Introduction

Fossil fuels have been extensively used for different purposes, such as producing chem-
icals and fuels for transportation, which has caused their rapid depletion [1,2]. Presently,
approximately 80% of chemicals are produced from fossil fuels [3]. Since such sources are
limited, an alternative source to produce energy and chemicals is urgently needed. Today,
lignocellulosic biomass is considered the renewable carbon source with the most potential,
which could produce energy in the form of biofuel and value-added chemicals [4].

Lignocellulose must undergo various treatments to be broken into its major compo-
nents, such as lignin, hemicellulose, cellulose, protein, and oil [5]. Previously, biofuels were
produced industrially—mainly from the cellulose part of the biomass—and the lignin was
considered a waste product. Approximately 70 million tons of lignin per year are produced
industrially, and only a tiny portion (1–2%) is used [6–8]. Because it is polyaromatic, lignin
is a proven source of many value-added chemicals [9].

Lignin is a complex cross-linked organic polymer composed of phenylpropanoid
units linked by ether and carbon–carbon bonds [10]. Determining the structure of lignin
is complicated because of its irregular monomeric sequences. Additionally, its convo-
luted structure makes it less reactive and causes resistance to depolymerizing it into the
monomeric units [11]. Therefore, it is important to understand the chemical structure,
interactions, crystallinity, and lignin sources before selecting a depolymerization technique.
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Phenolic monomers are one of the major products of lignin depolymerization [12]. To
obtain them, intramolecular linkages, such as the C–C and ether bonds, must be cleaved [13].
Studies also suggest that the intermediates produced from lignin could be repolymerized
under milder or stronger conditions such as high (>80 ◦C) and atmospheric tempera-
tures [14]. Therefore, developing and selecting an appropriate depolymerization method is
required to improve production efficacy.

Different depolymerization techniques, such as acid-catalyzed, base-catalyzed, ox-
idative, pyrolysis, microwave-assisted, and sub- or supercritical methods, have been
used [15–17]. Acid catalyst, base catalyst, and oxidation-based methods are traditional
chemical methods that show good lignin conversion. However, these methods require high
temperature and pressure, expensive instrumental setups, and toxic chemicals, making
them costly and not eco-friendly [18]. Pyrolysis-based depolymerization has inherent
disadvantages, such as lower selectivity and higher temperature requirements [19,20]. The
microwave-assisted method is considered an efficient approach, which can significantly
decrease reaction time and selectively increase the yield of the targeted products [21].
Overall, these methods must be optimized to make them more efficient. Due to some of
the inherent disadvantages of the conventional depolymerization methods, developing
highly effective and greener methods is inevitable. Sub- and supercritical depolymeriza-
tion of lignin are two greener methods. This technology does not require any hazardous
materials [22]. Recently, ionic liquid (IL)-based and deep eutectic solvent (DES)-based
depolymerization approaches have shown great promise for sustainable and more selective
lignin depolymerization [23–26]. Careful selection of greener solvents and the addition of
microwave-based techniques could enhance the efficacy of these methods [23–26].

This review focuses on the chemical structure of lignin, the mechanisms of depoly-
merization, the studies conducted thus far using traditional methods, and the associated
problems. The structural chemistry and mechanisms help us interpret the advantages and
disadvantages of the current methods. While the greener methods and their approaches are
scrutinized, the previously investigated chemistry helps to enhance the efficacy of greener
methods. In this way, a solid understanding of the currently existing methods may achieve
a highly efficient and sustainable lignin depolymerization method.

2. Lignin

In 1838, a French scientist named Anselme Payen first attempted to extract lignin
from wood. He treated the wood with concentrated nitric acid and sodium hydroxide and
obtained one soluble and another insoluble solid fraction [27]. The insoluble solid material
was named “cellulose” because it mainly contains the sugar molecules of the plant cell
wall [28,29]. He also observed that the soluble portion is richer in carbon than cellulose
and named it “incrusting materials” [29]. In 1865, Payen’s “incrustation hypothesis” was
supported by Schulze, who named the incrusting materials “lignin” [29]. The word “lignin”
originates from the Latin word “lignum”, which means “wood”. Between 1897 and 1900,
the Swedish chemist Johan Peter Klason studied the structure of lignin and proposed that it
is a macromolecular compound consisting of coniferyl alcohol moieties connected through
ether linkages [28].

2.1. Sources and Classification of Lignin

Plants and grasses are the primary sources of lignocellulose, which is composed
of cellulose, hemicellulose, and lignin, along with a small quantity of extractives, such
as proteins, salts, minerals, and wax [9]. This biomass contains 15–32% lignin, 25–40%
hemicellulose, and 45–50% cellulose [30]. Table 1 gives the percentages of lignin in various
biomasses.
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Table 1. Percentages of lignin in various lignocellulose.

Types of Biomasses Lignin (%) Ref.

Sunflower shell 17.00 [31]
Prairie cord grass 20.00 [32]

Almond shell 20.40 [31]
Stem wood 28.00 [33]
Wood bark 33.70 [33]

Ailanthus wood 26.20 [34]
Straw from barley 17.13 [35]
Straw from canola 14.15 [35]

Based on the extraction processes and modifications, lignin can be classified as (i) na-
tive or (ii) modified lignin. Native lignin is extracted without further modification, while
lignin extracted through different modifications is called modified or technical lignin [36].
The primary sources of modified lignin are industrial byproducts. Depending on the
extraction process used, modified lignin can be specifically identified as kraft lignin (KL),
hydrolysis lignin (HL), organosolv lignin (OL), or pyrolytic lignin (PL) [37]. The molecular
weight and composition of modified lignin vary based on the extraction method and source.

2.2. Structure of Lignin

Lignin, a class of organic polymer, has a complex, cross-linked, highly branched,
amorphous, and irregular aromatic structure (Figure 1). It is a major structural component
of the secondary cell wall of vascular plant cells, where it occurs alongside cellulose and
hemicellulose [38–40]. In plant cells, lignin occupies the free space between the cellulose
and the hemicellulose and cross-links them to form a rigid structure. This structure helps
conduct water and nutrient materials in the plant stems.

Lignin is the second most abundant natural polymer after cellulose and makes up from
15% to 32% of the total biomass [30], depending on the age, environment, and sources of the
biomass. It is a heterogeneous polymer without repetitive monomeric units, differentiating
it from other polymers, such as cellulose and hemicellulose. Its helical structure is formed
by the polymerization of three phenylpropanoid monomeric units: p-coumaryl alcohol (H),
coniferyl alcohol (G), and sinapyl alcohol (S) (Figure 1) [36]. The phenolic monomers are
interconnected by ether (-O-) and C–C linkages (Figure 2).
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Figure 2. The most common carbon–carbon and ether interlinkages in lignin structure; adapted
from [23].

2.3. Monomers of Lignin

The H, G, and S moieties are randomly connected through ether (-O-) and C–C link-
ages (Figures 1 and 2) [41]. Their monomeric units differ from each other by methoxy
groups, where the H moiety does not have any methoxy groups, but the G and S moieties
have one and two methoxy groups, respectively (Figure 1). These three monomers are con-
nected through free radical reactions and form the highly interconnected three-dimensional
complex ligand structure. Lignin in hardwood species mainly contains G and S moieties,
whereas lignin in softwood species mostly contains G units [9]. All three moieties are
usually present in grass lignin [42].

2.4. Major Hindrances to Depolymerizing Lignin

Since it is abundant and polyaromatic, lignin could be an excellent resource for the
renewable energy industry. However, the industrial-scale transformation of lignin into
value-added chemicals requires the successful selective breakdown of its structure. Studies
have shown that the depolymerization of KL is difficult because of its higher percentage of
refractory carbon–carbon linkages [43,44]. In a typical lignin structure, the three different
moieties are interconnected to each other through the ether and C–C bonds, such as the
β-O-4, 4-O-5, 5-5, β-5, β-1, and β-β bonds (Figure 2), which make the structure resistant to
decomposition [43,45].

Several depolymerization approaches, including chemical, physical, thermochemical,
and enzymatic methods, have been developed to decompose lignin into aromatic com-
pounds and biomaterials [46]. All methods have advantages and disadvantages, and none
are perfectly successful in terms of cost-effectiveness, re-condensation, hazards, product
yield, or greenness. This review discusses their comparative strengths, weaknesses, and
possible improvements based on green chemistry principles and recent advances.

3. Depolymerization of Lignin

Among the ether and C–C linkages, ether bonds are more frequent, constituting 56%
of the total network [47]. Among them, 50–60% of the bonds are β-aryl ether (β-O-4) bonds,
depending on the source of the lignin [48]. Therefore, cleaving β-O-4 bonds is considered
one of the critical steps of lignin depolymerization [49].

Thermal analysis is a well-proven degradation technique widely used to determine the
physical and chemical properties of lignin as a function of temperature [50]. This method
has shortcomings, such as providing only partial information regarding the polymeric
structure, complicating the data analysis. Catalytic degradation methods can selectively
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break down the ether linkages of lignin and produce various monomeric products. In the
following subsection, we compare the chemistry behind traditional and greener methods’
efficiency, advantages, and disadvantages.

3.1. Acid-Catalyzed Lignin Depolymerization

Depolymerization of lignin based on acid catalysis is a well-known method that has
been used since the mid-twentieth century. This method decomposes the β-O-4 linkages of
lignin using acid [15]. Different acids, such as hydrochloric, sulfuric, formic, and peracetic,
have been used as catalysts to break down the ether linkages [51]. During hydrolysis, the
acids provide H3O+ to break the ether bonds, producing phenolic compounds. An acid
catalyst mechanism for the cleavage of β-O-4 is shown in Figure 3.

These kinds of depolymerizations are usually conducted at high temperatures and
pressures. A depolymerization study is typically performed using ethanol and acid by
varying the solvent-acid ratio (e.g., hydrochloric acid/ethanol and formic acid/ethylene
glycol) to separate the products into water-soluble and water-insoluble lignin. Mahmood
et al. showed that a temperature range of 78–200 ◦C is insufficient to break the lignin
structure into monomeric units [52].
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Recently, some research groups have investigated acid-catalyzed depolymerization
at high temperatures and pressure using different proportions of acids [54,55]. One study
suggested that a 10:77 (wt%) formic acid/ethanol mixture effectively depolymerized wheat
straw lignin [54]. Another group reported that 10:81 (wt%) of formic acid/ethanol is the
optimal ratio to depolymerize lignin from wheat straw [55]. Dilute sulfuric acid mixed
with an ethanol/water solution was used for the depolymerization reaction, where the
reaction achieved a high yield under 2 MPa and 250 ◦C for 1 h. Approximately 70 wt%
of depolymerization was achieved when sulfuric acid was used as the catalyst in a 1:1
water/ethanol solvent system [51]. Conditions for the acid-catalyzed depolymerization of
lignin and the major outcomes are listed in Table 2.
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Table 2. Acid-catalyzed depolymerization of lignin.

Types of Lignin Reaction Conditions Major Products Year Ref.

Black liquor lignin Formic acid, 160 ◦C for 30 min
Vanillin, Ethanone, Phenol,
Guaiacol, and Syringol type

compounds
2014 [56]

Aspen wood lignin 350 ◦C, 13.2 MPa for 1 h Methoxyphenol and methylated
and ethylated derivatives 2015 [57]

Bagasse lignin Zeolite HHSZ-100/Ethanol,
250 ◦C/30 min

Vanillin, Methyl vanillate,
Syringol, homovanillic acid, and

vinyl guaiacol
2015 [58]

Organosolv lignin H2SO4/methanol, 300 ◦C/1 h Phenol, ethyl guaiacol, and
Syringol 2016 [59]

Soda lignin
Aluminum/copper/nickel

triflates, 400 ◦C for 4 h,
375–400 bars

Phenols and aromatic
hydrocarbons 2016 [60]

Diluted acid corn
stover lignin

Peracetic acid/Nb2O5, 333 K
for 60 min

Vanillic acid,
4-hydroxy-2-methoxyphenol, and

syringic acid
2016 [61]

Black liquor lignin Formic acid, 160 ◦C for 30 min Ethanone and
1-(4-hydroxy-3-methoxyphenyl) 2017 [62]

Organosolv corn stover
lignin

Lewis acid Zr-KIT-5, 250 ◦C
for 60 min

Guaiacol, ethyl guaiacol, ethyl
phenol, and 2,4-demethxoyphenol 2018 [63]

Bulrush lignin
Phosphotungstic

Acid/ethanol/water, 250 ◦C
for 6 h

4-ethylphenol and
4-ethyl-2-methoxyphenol 2019 [64]

Bagasse lignin H2SO4, H3PO4, and HCl,
350 ◦C for 3 h

Guaiacol, 4-ethylphenol, vanillin,
and ethyl guaiacol 2019 [65]

Although acid-catalyzed depolymerization is one of the most widely used methods, it
has some disadvantages. Extreme reaction conditions, repolymerization, and toxic chemical
use are unavoidable aspects of this method. Repolymerization mainly occurs between the
reactive sites of the phenols and the α-carbon of phenol propanol [66,67]. This technique
requires a comparatively longer reaction time, higher temperature, and higher pressure. It
also produces environmentally corrosive waste materials, which significantly increase the
reaction costs due to handling and disposal requirements.

3.2. Base-Catalyzed Depolymerization of Lignin

Base-catalyzed depolymerization (BCD) is another commonly used method to extract
phenolic monomers from lignin. This method is performed at a higher temperature, where
different bases, such as NaOH, KOH, and Ca(OH)2, are used as catalysts [68,69]. This
depolymerization technique is considered one of the most promising methods due to its
excellent catalytic performance [54,70]. It is usually conducted at >300 ◦C and high pressure.
The most abundant linkage in lignin is the β-O-4 bond; cleavage of this bond begins at
270 ◦C. During the reaction, cations from the base assist in forming cation adducts, which
catalyze a six-membered transition on the β-O-4 bond resulting in the formation of phenolic
monomers [71]. A base catalyst mechanism is shown in Figure 4.
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BCD is also well known for its controlled hydrolytic cleavage of the ether bonds
of lignin [72]. A study has shown that weak bases, such as Ca(OH)2 and LiOH, can
produce smaller amounts of depolymerized product with lower depolymerization rates
than strong bases, such as KOH and NaOH [69]. Although the strong bases showed efficient
depolymerization of lignin, bases such as LiOH, KOH, and CsOH were inefficient because
of char deposition [70]. BCD could be used to achieve high yields for selective monomeric
products. Therefore, selectivity and yield depend on the temperature, pressure, reaction
time, base concentration, and solvent type [66,73].

An alkaline-based catalyst is a homogeneous catalyst that causes complex post-
separation. MgO is an inexpensive solid base catalyst alternative to the homogeneous
catalyst. It is also considered robust, with excellent catalytic activity [74]. The reaction
conditions and promising outcomes using BCD of lignin are summarized in Table 3.

Table 3. Base-catalyzed depolymerization of lignin.

Type of Lignin Reaction Conditions Major Products Year Ref.

Pine lignin NaOH/Ru/C, 260 ◦C, 4 MPa
for 4 h Guaiacol and syringol 2015 [16]

Corn Stover lignin 2–4% NaOH, 270, 300, and 330
◦C for 40 min

Phenol, guaiacol, syringol, vanillin,
and vanillic acid 2016 [75]

Oak hardwood lignin 12.9–13.7 MPa, 30 min, 100 ◦C
with NaOH and subH2O

1,2-dimethoxylbenzene and
3,4-dimethoxytoluene 2017 [76]

Alkaline lignin 250 ◦C, 1 h, NaOH, CsOH
Guaiacol,

2-methoxy-4-methylphenol, and
4-hydroxy benzyl alcohol

2017 [77]

Softwood kraft lignin 320 ◦C, 10 min, 250 bar, NaOH Phenol formaldehyde resols 2018 [78]

Klason lignin 200–250 ◦C, 1 h, 1000 rpm,
NaOH Aromatic compounds 2019 [79]

Softwood kraft lignin 100 ◦C, 2–6 h, 10 bar, NaOH
with O2

Aromatic compounds 2020 [80]

Pine wood based kraft
lignin 513–573 K, 1 h, 250 bar, NaOH, Phenolic oligomers 2020 [81]

Alkali lignin 300 ◦C, 4–9 min, 11 MPa,
NaOH phenol, guaiacol, and syringol 2021 [82]

Table 3 shows that most of the base-catalyzed transformations of lignin are performed
at ≥300 ◦C and >10 MPa, where monomeric products vary with the reaction conditions.
Beauchet et al. depolymerized KL at 270–315 ◦C and 130 bar at two different NaOH
concentrations [72]. Their results demonstrated that NaOH efficiently acted as a catalyst
to increase the production of aromatic monomers. The monomeric production increased
significantly with increased temperature, where the total yield of 8.4 wt% was reached at
315 ◦C. Pyrocatechol phenolic monomers were abundant (up to 25.8%) at 315 ◦C with high
selectivity.
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Besides temperature, pressure is another critical factor in obtaining a better yield.
Lavoie et al. studied softwood lignin depolymerization using 5 wt% NaOH at temperatures
of 300–330 ◦C and pressures of 9–13 MPa. Their chromatographic study identified 26 com-
pounds; the major products were vanillin, guaiacol, and catechol [70]. A similar study was
performed by Roberts et al. at elevated pressure (25 MPa), and the major products, syringol,
hydroxyacetophenone, and catechol, differed [71]. These studies revealed that the nature
of phenolic monomers depends significantly on the reaction pressure.

Solvents also play an important role in the BCD of lignin. Therefore, solvent selec-
tion is crucial for these reactions. A depolymerization reaction with a low base catalyst
concentration in water shows very little depolymerization, sometimes yielding almost no
depolymerized products [83]. This indicates that an aqueous environment is not the correct
solvent for this reaction. As a result, most researchers have used organic solvents, such as
ethanol, isopropanol, tetrahydrofuran, and polyethylene glycerol, for BCD of lignin [84,85].
Long et al. have shown that tetrahydrofuran (THF) works well as a solvent for the de-
polymerization of lignin [86]. Their study revealed that THF significantly promoted the
catalytic activity of MgO. Hence, the production of phenolic monomers at 250 ◦C for 15 min
increased by 13.2% compared to conventional solvents.

3.3. Oxidative Depolymerization of Lignin

Studies have shown that acid- or base-catalyzed depolymerization is a promising
method to produce phenolic monomers by cleaving the ether linkages of lignin. How-
ever, these methods require relatively extreme reaction conditions, making the methods
expensive, environmentally unfriendly, and difficult to handle.

Oxidative depolymerization is a promising method for converting lignin into monomers
at milder conditions than the acid or base catalyst methods [87]. A wide range of oxidants is
used for the depolymerization reaction, such as permanganate, nitrobenzene, copper oxide,
hydrogen peroxide, chlorine, and hypochlorite [17,88,89]. The oxidative degradation ap-
proach selectively breaks down the ether linkages by preserving the aromatic character [90].
Strong oxidants can break the linkages among the aromatic moieties of the lignin with good
efficiency at milder conditions than catalysis methods [8]. Therefore, successful oxidative
depolymerization depends on the proper selection of the oxidant. Reaction conditions and
the major outcomes of oxidative depolymerization of lignin are listed in Table 4.

Table 4. Oxidative depolymerization of lignin.

Lignin Type Reaction Conditions Products Year Ref.

Coconut husk lignin Nitrobenzene, 160 ◦C for 2.5 h Vanillin 2014 [91]

Wheat straw lignin Hydrogen peroxide, CuO, and
Fe2(SO4)3, 180 ◦C for 90 min

4-hydroxybenzaldehyde and
vanillin 2014 [92]

Corn Stover lignin Molecular Oxygen, 160 ◦C for
0.5 h at 1.5 MPa

Vanillin, vanillic acid, p-coumaric
acid, and acetovanillone 2018 [93]

Kraft lignin CuSO4/water/octanol 170 ◦C
for 60 min and 5 MPa Vanillin 2018 [94]

Lignosulfonate lignin Cu-Mn/Al2O3, 160 ◦C
for 40 min

Vanillin, p-hydroxybenzaldehyde,
vanillic acid, and

p-hydroxybenzoic acid
2019 [95]

Alkali lignin Co/TiO2, Co/ZrO2, Co/CeO2,
140 ◦C for 1 h, 15 bars

Guaiacol, Syringol, homovanillic
acid, vanillin, and

2-Methoxy-4-vinylphenol,
2020 [96]

Corn stover lignin Wet air (O2) 200 ◦C for 2 h,
500 psi Vanillin 2020 [97]
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Hydrogen peroxide, an important oxidant, has been used to depolymerize lignin for
the past few decades. It is an eco-friendly and economic catalyst that donates oxygen during
lignin depolymerization [98]. Studies have demonstrated that a minimum of 0.1% hydrogen
peroxide can depolymerize the alkali lignin into monomers [99]. Other studies have stated
that H2O2 can selectively break down the β-O-4 and β-1 linkages at low temperatures [100].
Although H2O2 shows a higher degradation rate than other methods, it produces a lower
monophenolic compound yield. H2O2 in the presence of a metallic catalyst CuO (as Cu2+)
can cleave more ether bonds and side chains. Furthermore, in the presence of Fe2(SO4)3
(as Fe3+), the oxidation ability of H2O2 is significantly increased, which could increase the
production of monophenols. In addition, the performance of hydrogen peroxide-based
depolymerization can be significantly increased by acid [100,101].

Oxidative depolymerization can be performed without using metallic or other toxic
materials. Wet air and molecular oxygen are considered less hazardous and more benign
oxidants than metallic or traditional oxidants. Results have shown that wet air oxidation of
lignin can substantially increase the production of phenolic monomers at low temperatures
and pressures [97]. Molecular oxygen depolymerization efficiently converts lignin into
aromatic compounds in moderate reaction environments [93].

3.4. Depolymerization of Lignin by Pyrolysis

Pyrolysis is another method frequently used to depolymerize lignin into its monomeric
products. This method uses heat to convert the non-volatile compounds to a volatile mix-
ture in the absence of oxygen. The pyrolytic mixture contains different aromatic monomer
types, which indicates that the pyrolysis method could effectively convert lignin into
biomaterials [102]. It is a very fast method, taking only a few milliseconds to reach the py-
rolytic temperature, compared to other thermal methods, for example, a thermogravimetric
analyzer coupled with a Fourier Transform Infrared spectrometer (TG-FTIR) [103]. The
efficiency of the depolymerization and the molecular weight of the monomeric products
can be modified by tuning the reaction conditions, such as the reaction time [104], cata-
lysts [105], and the sources of lignin [106]. The pyrolytic depolymerization of lignin starts
with the cleavage of weak linkages at lower temperatures (<450 ◦C), followed by further
breaking stronger linkages at higher temperatures (>450 ◦C). At higher temperatures, larger
molecules decompose at selective sites to form smaller molecules, which are then separated
by gas chromatography and detected by mass spectrometry [107]. This method can be
performed differently, but most pyrolysis methods are divided into two stages [108]. The
reaction conditions and promising outcomes of pyrolysis depolymerization of lignin are
summarized in Table 5.

Table 5. Depolymerization of lignin by pyrolysis.

Type of Lignin Reaction Conditions Major Products Year Ref.

Alkali Lignin or Black
liquor lignin

450 ◦C, NaOH, KOH, Na2CO3
and K2CO3

2-methoxy phenol, 2,6-dimethoxy
Phenol, and vanillin 2014 [109]

Technical lignin 450–600 ◦C, Ca(OH)2, Phenolic monomers and dimers 2015 [110]

Bamboo lignin 400–800 ◦C, enzymatic/mild
acidolysis

Phenol, p-methyl guaiacol, p-ethyl
phenol, and vanillin 2015 [111]

Alkali Lignin 700 ◦C with N2 gas with a flow
rates 25 mL/min

Guaiacyl and syringyl type
compounds 2017 [112]

Kraft lignin 450–650 ◦C, ZSM-5 2,6-Dimethoxyphenol and
2-Methoxyphenol 2018 [113]

Raw Lignin 400 ◦C, steam explosion with
10% wt NaOH, 1.5 MPa

Phenol is the major product
instead of

2-methoxy-4-ethylphenol
2019 [114]
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Table 5. Cont.

Type of Lignin Reaction Conditions Major Products Year Ref.

De-alkaline Lignin 450 ◦C with N2 gas with a flow
rates 20–150 mL/min Phenolic compounds 2020 [115]

Hydrogenated Lignin 800–850 ◦C guaiacol, creosol, Phenol,
4-ethyl-2-methoxy-, and vanillin 2021 [116]

The first pyrolysis stage occurs in the temperature range of 150–400 ◦C. Only basic side
chains are broken during this stage, and other linkages, such as aromatic methylated groups
and condensed linkages, remain stable [106]. Therefore, softwood lignin produces a larger
amount of residue than hardwood lignin because it contains more condensed and phenolic
linkages; the major products in this stage are vanillin, coniferyl alcohol, isoeugenol, and
other unsaturated compounds [19,117].

The second pyrolysis stage occurs in the temperature range between 400 ◦C and 800 ◦C.
Most condensed methoxy groups and phenolic ether linkages are cleaved during this stage
and the hydroxyl or methylated groups bond to the aromatic groups [118]. Guaiacol,
o-vanillin, and o-quinone are produced in this stage [119]. The cleavage of benzene rings
produces non-condensable gases at 550 ◦C [120].

Pyrolysis depolymerization has been performed with different combinations of cata-
lysts and solvents to obtain better performance. Since pyrolysis is performed in the absence
of oxygen, catalysts and solvents may improve the performance of depolymerization by as-
sisting in demethylation and preventing repolymerization and condensation by providing
an oxidant or hydrogen donor. Studies showed that zeolite (ZSM-5) metal is a common
catalyst and has two roles (acidic sites and pores), which help to control the reaction and
yield more stable and desired products [45]. Another study has proven that the zeolite
(ZSM-5), along with a mixture of Si/Al, improved the pyrolysis efficiency and increased
the production of aromatic monomers [113,117]. However, the phenolic character of lignin
can also deactivate the zeolite [121]. Some other studies have stated that Cu and Ni are
better catalysts than zeolite and can selectively cleave the linkages in lignin to generate
particular aromatic products [122].

3.5. Microwave-Assisted Depolymerization of Lignin

Microwave-assisted technology is attractive because of its unique heating poten-
tial [118]. This is an alternative fast method for degrading samples compared to traditional
heating technology. Microwave electromagnetic radiation is applied to degrade the lignin
into the value-added products [123]. This method does not require physical contact be-
tween the heat source and the materials. It can create a huge amount of heat by rotating
the polar molecules and causing ionic conduction [21,124]. Microwave-assisted technol-
ogy is an economical and quick method for converting biomass and lignin into valuable
products [125]. The reaction conditions and promising outcomes of microwave-assisted
depolymerization of lignin are summarized in Table 6.
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Table 6. Depolymerization of lignin by microwave irradiation.

Type of Lignin Reaction Conditions Major Products Year Ref.

Kraft lignin 900–1240 K, 1.5–2.7 kW Guaiacols 2014 [126]

Olive tree pruning
lignin

Formic acid solvent, 400 W,
30 min, 140 ◦C Diethyl phthalate 2014 [127]

Softwood Kraft Lignin 1.5 kW, 800 s Guaiacol, 4-methylguaiacol 2014 [128]

Black liquor lignin Formic acid solvent, 600 W,
130 ◦C, 30 min

2-propanone,
1-(4-hydroxy-3-methoxyphenyl),

ethanone, 1-(4-hydroxy-3,5-
dimethoxyphenyl), and

dibutylphthalate

2015 [129]

Wheat straw lignin
10 wt.% H2SO4 + 10 wt.%

phenol, 100–180 ◦C, 10–60 min,
300 W

Mono phenolic compounds 2015 [12]

Wheat alkali lignin 100–160 ◦C, 0.5–120 min,
400 W Benzylic alcohols 2016 [130]

Black liquor lignin 100–180 ◦C, 5–60 min, 600 W

Ethanone,
1-(4-hydroxy-3-methoxyphenyl)

and ethanone,
1-(4-hydroxy-3,5-dimethoxy

phenyl

2017 [131]

Organosolv lignin 80 ◦C, 10 min, 80 W vanillic acid and vanillin,
4-hydroxybenzaldehyde 2018 [132]

Kraft lignin 110–150 ◦C, 10 min, 1.60 kW Tetra phenolic compounds 2019 [133]

Birch sawdust lignin 150–210 ◦C, 15 min, 1800 W 4-propyl and 4-propenyl syringol
and guaiacol 2021 [134]

Kraft lignin 225 ◦C, 1 h 500–1000 W Vanillin, isoeugenol-2, and
homovanillic acid 2021 [135]

Recent studies have demonstrated that microwave-assisted technology has many
advantages over traditional technology. It is fast, highly efficient, uniform, selective, and
eco-friendly [136]. The heating system for this method is favorable for large-scale industries
because of the instantaneous start and stop ability. Research has shown that polar materials
preferentially absorb more energy, which helps penetrate the interior part of the raw
materials, significantly reduces the processing time, and eventually increases the reaction
rate [137]. This technology can add non-thermal effects to the reactions, which causes the
reaction to proceed more quickly [138]. Godey et al. have shown that microwave-assisted
reactions significantly increased the reaction rates compared to conventional methods [139].

Microwave-assisted technology can improve the reaction selectivity by cleaving the
condensed bonds of lignin in the presence of a metal catalyst at lower temperatures.
Zhu et al. used this method to depolymerize lignin into phenolic monomers through
selective cleavage of the Cα-Cβ linkages [140], using ferric sulfate as the catalyst. Their
study showed that the microwave method could selectively break down the Cα-Cβ bonds
in phenolic and non-phenolic dimers, where the cleavage rate for the phenolic dimer
was significantly higher than for non-phenolic dimers. Furthermore, the metal catalyst
significantly decreased the activation energy of the depolymerization reaction and inhibited
the formation of char [141].

Microwave-assisted technology could also play an important role in the liquefaction
or solvolysis of lignin due to its rapid heating rate and high efficiency. Lignin can easily be
dissolved in an IL at a lower temperature and for short periods using this method [142].
Additionally, 1-butyl-3-methylimidazolium hydrogen sulfate (an IL) not only performs as
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an efficient catalyst for lignin depolymerization, but can also be recycled five times without
loss of catalytic activity [143].

3.6. Depolymerization of Lignin Using Sub- and Supercritical Fluids

Developing an alternative green technology with minimal environmental impact
is important to produce specific desired products from lignin. Therefore, the reduction
of energy consumption, the use of less toxic materials, and the efficient conversion of
lignin are crucial requirements [144,145]. Supercritical solvent-based techniques have been
considered an efficient, greener technology to depolymerize lignin to successfully prevent
condensation reactions [146,147]. Sub- and supercritical fluids are formed under extremely
high temperatures and pressures. Supercritical fluids exhibit distinct properties, such as
low viscosity, low dielectric constant, and high diffusivity, which penetrate the structure of
the lignin and easily solubilize the depolymerized products [148].

Supercritical methods have been used since the 1990s, and during the initial stage
of their use, KL and OL were treated with supercritical methanol [73]. Different types of
sub- and supercritical fluids, such as water [149], ethanol [150], and carbon dioxide [151],
have been used. Condensation is very common in depolymerization, but supercritical
depolymerization reactions are highly efficient at preventing condensation. Studies have
shown that intermediates formed from the lignin can couple with the hydrogen radicals
generated from the supercritical fluids and prevent the condensation reaction [51,60]. The
reaction conditions of sub- and supercritical depolymerization of lignin are summarized in
Table 7.

Table 7. Sub- and supercritical depolymerization of lignin.

Lignin Source Solvent and Catalyst Conditions Products Year Ref.

Alkali lignin 50/50 (%v/v) water and
ethanol

300 ◦C for 2 h with
5 MPa Phenol derivatives 2012 [152]

Alkali lignin Subcritical water 330 ◦C, 2 sec residence
time, and 25 MPa

Eugenol, guaiacyl
acetone, guaiacol, and

vanillin
2013 [153]

Organosolv lignin Ethanol and Ru/Al2O3 260 ◦C for 8 h and 80 bar Guaiacol and syringol 2013 [154]

Alkali lignin SubcrH2O and
Supercritical CO2

350 ◦C, 10 min, and
22.03 Mpa Vanillin and guaiacol 2016 [151]

Alkali lignin SubcrH2O and
Supercritical CO2

350 ◦C, 10 min, and
22.03 Mpa Vanillin and guaiacol 2016 [151]

Wheat straw lignin Ethanol and Rh/C 240 ◦C for 4 h and
7.0 MPa Phenol derivatives 2017 [150]

Alkali lignin Ethanol and HZSM-5 360 ◦C for 120 min and
12.4 Mpa Guaiacol and syringol 2018 [155]

Alkali lignin Subcritical water
V/Zeolite, CoO 240 ◦C, 10–30 min Guaiacol, vanillin, and

eugenol 2018 [156]

Lignin Methanol and
CoO/m-SEP 260 ◦C, 4 MPa Petroleum ether 2019 [157]

Rice husk lignin Ethanol with CO2
200 ◦C, 10 min, 300 rpm,

32 MPa
Phenol, guaiacol, and

syringol 2020 [158]

Lignin-rich
feedstock

Sub-critical water and
N2

300–350 ◦C, 10–75 min
and 5 atm

4-propylguaiacol,
Phenol, and guaiacol 2021 [159]

Wahyudiono et al. successfully conducted supercritical water depolymerization of
lignin at 350–400 ◦C and 25–40 MPa [160]. They showed that the formation of heavier com-
pounds increased with temperature, and the formation of heavier compounds decreased
with reaction time. Catechol, m,p-cresol, o-cresol, and phenol were identified as the major
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products, which indicated that water is an outstanding solvent for converting lignin into
monomers. Another study was performed by Numan-Al-Mobin et al. on the depolymer-
ization of lignin with a mixture of water and subcritical CO2 (ScCO2) [151]. Subcritical CO2
is a naturally available compound known for its catalytic properties, sustainability, and
non-flammable nature. The combined use of water and subcritical CO2 was an efficient,
greener method for synthesizing phenolic monomers.

Depolymerization of lignin has also been performed using sub- and supercritical
ethanol, methanol, and combined with water. This study showed that ethanol can signif-
icantly enhance the depolymerization of lignin and decrease char formation [150]. This
result may be due to the formation of hydrogen radicals from the ethanol, which is coupled
with the intermediates from lignin and inhibits the repolymerization reaction intermediates
from forming char. In contrast, supercritical methanol has some interesting properties
(e.g., hydrogen donation ability, high heat transfer, high dispersity, and improvement of
catalytic activity), which favor the depolymerization of lignin [157]. The depolymerization
of lignin into phenolic compounds can also be performed by mixing sub- and supercritical
ethanol and water [152]. Supercritical ethanol is more effective than methanol at liquefying
the woody biomass into crude products. Additionally, supercritical ethanol is expected to
dissolve and stabilize the liquid products more easily. The following schematic diagram
summarizes different depolymerization methods (Figure 5).
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3.7. Depolymerization of Lignin by Ionic Liquids and Deep Eutectic Solvents

The previously discussed methods are very effective for depolymerizing lignin into
aromatic compounds. However, using corrosive chemicals, extreme reaction conditions,
and harmful waste production increases the processing cost. Therefore, a sustainable green
method is needed to depolymerize lignin into aromatic monomers to reduce production
waste, avoid harming the environment, and decrease processing costs. Currently, ILs are
considered a green technology for depolymerizing lignin through the cleavage of β-O-4
bonds. ILs show numerous characteristics desirable for a green medium, such as low
cost of formulation, non-volatile, chemical inertness, low viscosity, acidity, and excellent
miscibility [161,162]. In addition, since they are liquid over a wide range of temperatures
and show thermal, chemical, and electrochemical stability, ILs have numerous applications
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and are suitable environmentally friendly alternative solvents for the depolymerization of
lignin [163].

Recent studies have reported that ILs are an excellent solvent for fractionating lignocel-
lulose into its basic components and the solubilization of lignin, since they are long-range,
noncovalent, interaction-based liquid formulations. The interactions among their cations
and anions help break the bonds of lignin and help them to keep their state in a liquid phase,
typically below 100 ◦C [162,164,165]. ILs can potentially control the degree of oxidative
depolymerization and cooperate with different catalysts [166]. Consequently, ILs have
gained much attention from the scientific community as a method of depolymerizing lignin
into value-added products. Numerous combinations of ionic liquids with metal catalysts,
such as Co, Cu, and Mn, have been studied to depolymerize lignin. Stark et al. have
converted lignin with combinations of different ionic liquids and the catalyst Mn(NO3)2.
They have reported that the combination of Mn(NO3)2 and 1-ethyl-3-methylimidazolium
trifluoromethanesulfonate [EMIM][CF3SO3] was the most effective reaction medium for
lignin depolymerization. They also found that more than 63% of organosolv beach lignin
can be selectively converted into phenolic monomers with 11.5 wt% of 2,6-dimethoxy-1,4-
benzoquinone at 100 ◦C for 24 h [87]. Li et al. converted organosolv bagasse lignin into
phenolic monomers using cooperative [bmim][CF3SO3]/[bSmim][HSO4] and water [167].
They reported that the conversion of lignin reached 66.7% with 14.5 wt% of phenolic com-
pounds and negligible char formation at milder reaction conditions (250 ◦C, 30 min). At
250 ◦C, water is subcritical, which converted 36.4% of the lignin into phenolic monomers
by self-catalytic activity due to the improved dissociation of H+. Most lignin is converted
to unwanted char product at this temperature due to the carbocation mechanism [168].
Nevertheless, [bmim][CF3SO3] is an excellent hydrogen bond donor, where the conversion
of lignin increased to 45.2% without any char formation by facilitating the cleavage of
the hydrogen-bonded linkages [169]. After the addition of an acidic IL [bSmim][HSO4],
the conversion of lignin reached 60.1%, and when the concentration of IL [bSmim][HSO4]
increased from 2.0 to 3.0 mmol, the conversion reached 66.7%.

ILs can act as acids, bases, and nucleophiles because of their high structural flexibility.
Therefore, ILs can mimic the acid- or base-catalyzed depolymerization of lignin without
using any corrosive chemicals. The efficient depolymerization of lignin by ILs depends
significantly on the cations and anions of the ILs [170]. Recent studies have shown that
the anions primarily affect the integrity of the lignin structure, while cations act like
spectators [171]. Another study showed that this anionic activity is affected by the strength
of the corresponding coordination interaction with the hydrogen in the hydroxyl group of
the lignin backbone and the lignin-like structures [172]. Figure 6 shows that the coordination
with hydrogen directs the nucleophilic attack toward the carbon double bond by stabilizing
the electronic environment of the compounds. Tolesa et al. used an ammonium-based IL to
selectively depolymerize the lignin into phenolic monomers. Two different types of ionic
liquids, equimolar diisopropylethylamine (DIPEA) and acetic acid (A) or octanoic acid (O),
were used as a solvent for the selective depolymerization of lignin. They have shown that
ILs not only act as a solvent, but also as a catalyst [173]. Cox et al. investigated how the
anion of an acidic IL can stabilize the hydroxyl groups of lignin compounds, resulting in
more rapid cleavage of the C–O bonds of lignin [174].
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DES-based depolymerization is one of the newest approaches in lignin bond depoly-
merization. Electrochemical catalysis, microwave-irradiated, and typical heating methods
using deep eutectic solvents are the most common methods used so far [133,175–177].
The efficacy of these methods compared to the conventional methods has been charac-
terized and monitored using 13C-NMR, 1H-NMR, two-dimensional-heteronuclear single
quantum correlation (2D-HSQC) NMR, 31P NMR, cyclic voltammetry (CV), gel perme-
ation chromatography (GPC), scanning electron microscopy (SEM) techniques, and gas
chromatography−mass spectrometry (GC−MS) [133,175–177]. The following methods and
their significant outcomes are tabulated in Table 8.

Table 8. Ionic liquid and deep eutectic solvent-based depolymerization of lignin.

Lignin Source Ionic Liquid Reaction Conditions Major Products Year Ref

Milled wood lignin

1-ethyl-3-
methylimidazolium
chloride ([C2mim]

[Cl])

120 ◦C for 96 h Vanillin, syringaldehyde 2015 [178]

Pine and willow
lignin

1-
butylimidazolium
hydrogen-sulfate
[HC4im]-[HSO4]

100 ◦C, 30 min for pine
and 4 h for willow Vanillin, syringaldehyde 2016 [179]

Kraft Lignin
ChCl:Ethylene

glycol (1:2),
ChCl: Urea (1:2)

Electrochemical
depolymerization, Ni

catalyst, oxidation
potential were 0.5 and

1.0 V, room temperature,
24 h, 5 g L−1 lignin

concentration.

Relative yields of Guaiacol, vanillin,
acetovanillone, and syringaldehyde
are 30–38%, 34–37%, 9%, and 12%,

respectively.

2016 [177]

Sugarcane bagasse
lignin [bmim][CF3SO3] 483–523 K for 15–45 min Guaiacol, 4-ethylphenol 2017 [167]

Biorefinery lignin 300 ◦C for 1–3 h 2-Methoxy-4-(1-prophenyl) phenol,
and 4-Ethyl-2-methoxyphenol
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Table 8. Cont.

Lignin Source Ionic Liquid Reaction Conditions Major Products Year Ref

Alkali lignin N-allylpyridinium
chloride, [Apy]Cl 150–210 ◦C for 3 h 4-vinylphenol 2018 [180]

Kraft Lignin
ChCl: Oxalic Acid
(1:1)ChCl: Formic

Acid (1:2)

Microwave reactor
(MWR), Oxalic acid (OA)
DES (130 ◦C) and Formic
acid (FA) DES (150 ◦C),
15 min, At 2450 MHz

dielectric constant (DC) of
OA and FA are 15.0 and

18.0, respectively.

Selective cleavage of β-O-4 and β-5
cross-peaks bonds than typical
heating method and narrower

molecular weight (MW) distribution.
DC of the HBA is an important factor

in MWR-based methods.

2019 [133]

Double Enzymatic
Lignin (DEL)

ChCl: Lactic acid
(1:10)

0.5 g DEL in 10.0 g DES,
60−140 ◦C, 6 h.

Dissociation of aryl ether linkage
(β−O−4) is dominant, with higher

phenolic hydroxyl and less aliphatic
hydroxyl groups, in the formation of

lignin nanoparticles. At higher
temperatures, 8.0 g/kg lignin

produces 2.5 g/kg guaiacol, 1.0 g/kg
vanillin, 0.6 g/kg syringaldehyde,

0.31 g/kg guaiacylacetone, and
0.08 g/kg acetovanillone

2019 [176]

Alkali Lignin ChCl: MeOH (1:4),

lignin/Cu(OAc)2/1,10-
phenanthroline (8:1:1),
lignin: solvent (1:30),

0.4–3.0 MPa O2, 60 ◦C for
3 h.

Vanillic acid, vanillin, acetovanillone
(46.09%), 2-methoxy-4-vinylphenol,
2-methoxyphenol, dihydroconiferyl

alcohol, and acetic acid (40.64%).

2020 [175]

Herbaceous Lignin ChCl: FeCl3 (1:2)

A 25 mL steel autoclave,
herbaceous lignin (50 mg),

M-DES catalyst
(0.1–0.5 mmol), methanol

(5–15 mL), stirring
500 rpm, oil bath,

temperature 120–200 ◦C,

Selective tailoring of H moiety to
produce methyl phydroxycinnamate

(MPC), yield 105.8 mg/g or 74.1%
under mild conditions (160 ◦C, 8 h)

2020 [181]

The most common solvent used to dissolve KL is a NaOH solution. This basic solution
is suitable for the electrochemical reaction due to its high conductivity. Typical interlinkages,
such as C–C and C–O bonds in lignin, can be cleaved by catalytic properties using an
appropriate electrode potential [177]. The major shortcomings of this process are selectivity,
low yields at mild conditions, and consecutive oxidations of the products producing
unwanted CO2 and organic acids. The high pH also limits the choice of electrode materials
to a few metals [177].

After the DES-based depolymerization, lignin recovery is also an important step.
Recovery can be made by diluting the reaction mixture with a diluted (0.01 M) H2SO4
solution, followed by the precipitation of insoluble lignin [177]. Then, the solution is further
dissolved in 1 M NaOH for size-exclusion chromatography analysis. The soluble part of
lignin is extracted from the supernatant using the liquid–liquid extraction (LLE) technique,
where ethyl acetate is preferable as an organic solvent because it is greener. The aromatic
compounds produced in the depolymerization step can be extracted with methyl isobutyl
ketone (MIBK) and the LLE technique for further analysis. Both EA and MIBK phases
should be well-mixed for a few hours [177].

In the case of alkali lignin depolymerization, ChCl (choline chloride), more specifically
chloride ions, works as a bridge to form hydrogen bonds with the -OH groups of lignin
and methanol [23,182]. This mechanism could be responsible for the enhanced dissolution
and mass transfer efficiency of the lignin depolymerization reaction [175].
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Two-dimension-HSQC NMR spectra analysis indicates that the addition of water can
break the interactions among hydrogen bond acceptors (HBAs) and hydrogen bond donors
(HBDs) as a deep eutectic solvent (DES) is formulated by mixing HBA and HBD molecules
under simple heating and stirring approaches [175]. Thus, the DES system decreases the
solubility of lignin, and condensation and depolymerization of the side chains of the alkali
lignin can occur simultaneously [175]. If the side chains are longer, they might inhibit
acetic acid formation, and higher amounts of guaiacyl moieties might increase the yield
of acetovanillone. DES could enhance the catalytic activities of metal-based catalysts by
improving their redox potential [175].

The selective cleavage of H-moieties can be achieved using a metal-based DES, such
as 1:2 ChCl:FeCl3. This DES can selectively cleave the ester or β-O-4 bonds of the lignin
structure, which eventually produces p-coumaric acid (pCA) units [181]. Careful modifica-
tion of pCA produces desirable methyl p-hydroxycinnamate (MPC). The metal-based DES
catalyst is recyclable, easy to prepare, and economical. This method is even effective for
corncob lignin and can produce 116.6 mg/g of MPC [181].

The efficacy of depolymerization techniques can be further improved by applying
microwave heating, which significantly reduces the reaction time [133]. NMR, GPC, and
molecular dynamics simulations show that microwave heating selectively cleaves the target
C–C and ether bonds, providing a narrower MW distribution [133]. Microwave irradiation
stretches specific lignin bonds, increasing the probability of the bond breaking.

Overall, it has been shown that DES-based lignin depolymerization provides more
selectivity, higher yield, uses greener and recyclable chemicals, and requires lower tem-
peratures and less time. Comparative advantages and disadvantages of different greener
depolymerization techniques has been summarized in the following table (Table 9).

Table 9. Comparative advantages and disadvantages of greener depolymerization of lignin.

Depolymerization Method Advantages Disadvantages

Oxidative Highly selective, eco-friendly, and less expensive.
Strong oxidant can break down aromatic

moieties and lower molecular weight
compounds.

Microwave assisted Does not require to use corrosive chemicals, very
fast eco-friendly and economically feasible method.

Limited to polar organic compounds, less
versatile, and less selective to other

compounds.

Sub/Super-critical fluid

Use cheaper and non-flammable water and CO2,
which are eco-friendly and recyclable in properties.
They act as catalyst at high pressure and minimize

the use of catalyst.

Need higher temperature and pressure as
well as specially designed instrument.

Ionic Liquid/Deep eutectic
solvent-based

ILs and DESs are similar in nature and contain
cations and anions, which help to weaken the bonds

and interlinkages among the monomers of lignin.
They can act as both solvent and catalyst. Therefore,
little to no use of organic solvent requires during the

depolymerization reaction. In addition, DESs are
typically cheaper, easier to formulate, recyclable,

environmentally safer, and non-toxic.

ILs are not comparatively cheaper, could
have toxicity, and are difficult to

formulate compared to DESs. Although
they showed a lot of promise, both
solvents need to be scaled up and

optimized for industrial-level
applications.

4. Conclusions and Future Challenges

This review summarizes acid catalyst, base catalyst, oxidative, pyrolysis, microwave,
sub- and supercritical fluids, ionic and deep eutectic liquid-based lignin depolymerization,
and their advantages and disadvantages, which were compared in terms of green chemistry
perspectives. Acid and base catalyst depolymerization are very straightforward but are less
selective and require hazardous chemicals and high temperatures and pressures, making
them economically and environmentally unfeasible. Pyrolytic methods also require very
high temperatures and pressures and special instruments to perform the reaction, making
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this method very expensive. In contrast, the microwave-assisted method is fast, highly
efficient, uniform, selective, cost-effective, and eco-friendly. However, it is only selective
for polar organic compounds, making it less versatile and less selective than other methods.
The oxidative method is highly selective and promising for lignin depolymerization. The
main purpose of this method is to selectively break the ether bonds between the aromatic
units to keep them intact. Strong oxidants can also break the aromatic moieties, producing
less desirable lower molecular weight compounds, making this method unsuccessful. In
contrast, milder oxidants break the ether bond, keeping the aromatic unit intact. As a result,
oxidative depolymerization with milder oxidants shows higher selectivity to produce
aromatic monomers through the successful decomposition of lignin.

Greener depolymerization methods, such as sub- and supercritical, ionic liquids, and
deep eutectic solvent-based depolymerization, show excellent performance and decrease
the use of harsh and corrosive chemicals. Although the sub- and supercritical fluids method
requires special and costly instruments, it also requires less toxic, recyclable, and easily
recoverable solvents, making it a promising method for the depolymerization of lignin
from greener perspectives. IL is also considered a greener solvent, but its high viscosity,
toxicity, high cost, and difficult formulation make it less promising as a green method.
DESs are analogous to IL but easier to formulate, less toxic, and environmentally friendly,
making it a more favorable and safer method. DESs can act as both solvent and catalyst
and therefore do not require additional chemicals or compounds as a catalyst. Their easily
recoverable and recyclable properties make them more economically feasible than other
methods.

To further decrease the cost of the depolymerization method requires the minimization
of the process conditions and equipment costs. Therefore, several studies have been
conducted to improve the efficiency of the greener methods by using fast and available
techniques, such as microwave and ultrasound irradiation, and greener solvents, such
as ethanol and dimethyl sulfoxide. As ILs and DESs act as both the solvent and catalyst,
more studies should be conducted to improve their catalytic activity performance during
depolymerization. In addition, those green solvents can be used as co-solvents in acid
and base catalyst depolymerization reactions to minimize the processing conditions and
use of harsh chemicals. For instance, a study showed that an ionic liquid (e.g., 1-ethyl-3-
methylimidazolium chloride) successfully depolymerizes lignin at a comparatively lower
temperature (110–150 ◦C) [183]. Another study showed that the acidic depolymerization
of lignin with ethanol occurred quickly and efficiently. Moreover, the microwave-assisted
depolymerization of black-liquor lignin was performed at a lower temperature (110–180 ◦C)
and shorter reaction time (5–90 min) [56].

Finally, greener methods are more cost-effective, eco-friendly, and sustainable than
traditional methods. Deep eutectic solvent-based depolymerization seems to be a more
viable and promising method among the greener methods. Before commercialization, these
methods must be studied at a pilot plant scale for consistency and reproducibility.
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31. Demirbaş, A. Relationships between lignin contents and fixed carbon contents of biomass samples. Energy Convers. Manag. 2003,

44, 1481–1486. [CrossRef]
32. Brudecki, G.; Cybulska, I.; Rosentrater, K.; Julson, J. Optimization of clean fractionation processing as a pre-treatment technology

for prairie cordgrass. Bioresour. Technol. 2012, 107, 494–504. [CrossRef]

http://doi.org/10.1002/bbb.1468
http://doi.org/10.1016/j.rser.2013.06.033
http://doi.org/10.1016/j.jechem.2017.02.007
http://doi.org/10.1016/j.indcrop.2004.04.015
http://doi.org/10.1016/j.crgsc.2020.100052
http://doi.org/10.1016/j.biortech.2006.05.042
http://doi.org/10.1002/bbb.1913
http://doi.org/10.1016/S2095-4956(15)60286-8
http://doi.org/10.1021/jz201201q
http://doi.org/10.1016/j.cattod.2017.04.066
http://doi.org/10.1016/j.apenergy.2014.12.025
http://doi.org/10.1080/02773819508009507
http://doi.org/10.1002/bit.23108
http://www.ncbi.nlm.nih.gov/pubmed/21337342
http://doi.org/10.1007/s10086-016-1606-z
http://doi.org/10.3390/pr9020364
http://doi.org/10.1016/j.jaap.2016.03.011
http://doi.org/10.1002/ceat.201600394
http://doi.org/10.1016/j.crgsc.2020.100035
http://doi.org/10.3390/biomass1010001
http://doi.org/10.3390/biomass1010003
http://doi.org/10.3390/biomass2010004
http://doi.org/10.1007/s10570-013-9998-z
http://doi.org/10.1021/cr60047a005
http://doi.org/10.5897/AJB2003.000-1115
http://doi.org/10.1016/S0196-8904(02)00168-1
http://doi.org/10.1016/j.biortech.2011.12.122


Biomass 2022, 2 149

33. Huang, F.; Singh, P.M.; Ragauskas, A.J. Characterization of milled wood lignin (MWL) in loblolly pine stem wood, residue, and
bark. J. Agric. Food Chem. 2011, 59, 12910–12916. [CrossRef] [PubMed]
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