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Lignin is a major component of lignocellulosic biomass along with cellulose and
hemicellulose, currently underutilized with the bulk of technical lignin being combusted
for heat generation in plant. From the technoeconomic perspective, the success
of a future biorefinery is highly dependent on lignin valorization. However, structural
complexity, heterogeneity of lignin, and several undesirable reactions associated with
the nature of lignin and process conditions obstruct the effective utilization of lignin.
Lignin condensation has been a long-lasting problem from conventional to recent
biorefineries, which makes the recovered lignin more difficult to decompose. Also, the
undesirable condensation and repolymerization during the depolymerization of lignin is
more problematic as this significantly limits its ability to be depolymerized to low molecular
weight products at high yields. To solve this problem, which ultimately enables maximizing
lignin utilization, there have been many efforts in various aspects. In this review, we focus
on the undesirable reactions occurring during the fractionation and depolymerization
process of lignin and introduce recent efforts to suppress or minimize those unwanted
reactions. The aim of all these efforts is to maximize lignin conversion to low molecular
weight products.

Keywords: lignocellulosic biomass, fractionation, condensation, repolymerization, lignin modification, capping
agent

INTRODUCTION

Renewable biofuels and chemicals produced from lignocellulosic biomass have great potential
to reduce our overdependence on fossil fuels and eventually mitigate climate change.
However, there are still many technical barriers in developing economically feasible processes
for converting biomass to fuels and chemicals (Himmel, 2009). Inherent recalcitrance of
lignocellulosic biomass mainly associated with the presence of lignin is a major obstacle in
developing a sustainable biorefinery. Lignin is the second most abundant natural polymer
next to cellulose, accounting for 15-30 wt% of lignocellulosic biomass (Zakzeski et al.,
2010). In addition to the existing pulp and paper industries, a significant amount of
residual lignin is expected to be produced from the emerging lignocellulosic biorefineries. The
availability of such biorefinery lignins further encourages the development of lignin valorization

Frontiers in Energy Research | www.frontiersin.org 1

September 2018 | Volume 6 | Article 92


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2018.00092
http://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2018.00092&domain=pdf&date_stamp=2018-09-11
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles
https://creativecommons.org/licenses/by/4.0/
mailto:kwanghokim@kist.re.kr
https://doi.org/10.3389/fenrg.2018.00092
https://www.frontiersin.org/articles/10.3389/fenrg.2018.00092/full
http://loop.frontiersin.org/people/544075/overview
http://loop.frontiersin.org/people/607594/overview

Kim and Kim

Efforts to Prevent Undesirable Reactions

technologies, particularly for the production of high value-
added chemicals (Zakzeski et al, 2012). Despite high-value
opportunities, the technical lignin is simply burned to produce
process heat in plants or sold as a natural ingredient of
animal feed due to its natural heterogeneity and recalcitrance.
From the industrial perspective, lignin valorization is essential
for developing sustainable and advanced biorefineries in the
future. In this respect, there have been substantial endeavors
in developing an efficient and effective conversion process
to produce value-added products from lignin because the
development of such a conversion process is an important
starting point for lignin valorization strategies (Ragauskas et al.,
2014; Rahimi et al., 2014). However, due to the condensed
and degraded nature of conventional technical lignins, it is
challenging to develop effective depolymerization processes.
Considering the fact that the yield of lignin-derived monomer
is proportional to the frequency of inter-unit ether bonds
(a-O-4 or P-O-4), preserving these cleavable linkages in
lignin during the fractionation of biomass components is very
important.

In addition to the effort to separate lignin as much as
possible, researchers have put an enormous effort to develop
an effective downstream depolymerization process for lignin
valorization. Most conversion technologies developed recently
use heat and metal catalysts to effectively break down lignin
into low molecular weight aromatics. There are two important
considerations for developing any processes, which are
(1) maximizing the activity and stability of the catalyst under
the reaction conditions and (2) controlling the condensation
and repolymerization reactions of lignin that can form
complex recondensed products (Xu et al., 2014). Taking the
structural recalcitrance of lignin into account, an in-depth
understanding of reaction mechanisms occurring during
lignin depolymerization is important in maximizing value-
added products. It is important to point out that the yields
of target lignin products, liquid oil and low molecular weight
phenolic products, are limited by the self-condensation
and oligomerization reactions of the primary products
(Roberts et al., 2011). Therefore, suppressing or preventing
undesired reactions has been an important goal in lignin
valorization.

Figure1 shows the scheme of lignin depolymerization
and repolymerization. There are competing reactions in
the lignin depolymerization process. These reactions include
recondensation to large molecular weight products or char
between the primary products and stabilization to low molecular
weight phenolic monomers. Although the competition is highly
dependent on the reaction environment, the catalysts, and the
quality of lignin, the undesirable reactions are very difficult
to avoid. Thus, researchers have been exerting more efforts
to minimize these unwanted secondary reactions in many
aspects to maximize the value of lignin. This mini-review
introduces the secondary reactions occurring during lignin
extraction and the depolymerization process. Recent efforts
to reduce or prevent undesirable reactions are also covered,
providing insights toward further improvement of lignin
valorization.

LIGNIN CONDENSATION IN THE
PRETREATMENT PROCESS AND NEW
FRACTIONATION APPROACH

The lignin condensation reaction has been a key problem at
all stages of the process from the fractionation of biomass
components to the depolymerization. The conventional
fractionation process, namely biomass pretreatment, focuses
on its effectiveness to remove lignin from biomass structure,
generally employing acid or base catalysts. The resulting
residual solid, mainly lignin, significantly undergoes irreversible
repolymerization depending on the pretreatment conditions,
which limits its ability to be depolymerized to low molecular
weight products at high yields. Under acidic and neutral
conditions, new intermolecular bonds (i.e., C-C bond) between
lignin fragments form by the carbocation (Pielhop et al., 2015).
Also, aryl-ether cleavage in Ca position in the presence of free
Ar-OH group can lead to the formation of quinone methides,
which further participate in cross-linking reactions (Grabber,
2005). In alkaline media, the reactive intermediates are mainly
quinone methides. An addition reaction between phenolate
ions and quinone methides results in the formation of C-C
bonds, forming a lignin molecule with a larger size (Chakar and
Ragauskas, 2004). In spite of their abundancy, the condensed
lignin is very challenging to work with, even under harsh
conditions with an effective catalyst and solvent system.

With the development of a recent biorefinery that integrates
the conversion of carbohydrates and lignin, finding a suitable
isolation process of lignin is becoming a primary research topic.
As the proportion of 3-O-4 linkages in lignin structure is the
central factor for the yield and the nature of the monomeric
products (Bouxin et al., 2015), a new lignin extraction method
should be able to preserve the most frequent but readily cleavable
aryl-ether linkages. As part of this effort, several fractionation
processes have been developed and introduced, which utilize
new types of solvents and catalysts. This includes ionic liquids
(Shi et al., 2014, 2016; Sun et al., 2016; Xu et al., 2016; Dutta
et al., 2017), deep eutectic solvents (Kim K. H. et al., 2018; Xu
etal., 2018), y-valerolactone (GVL; Luterbacher et al., 2014, 2015;
Shuai et al., 2016b) and 2,5-furandicarboxylic acid (Weidener
et al., 2018). Basically, the new solvent system demonstrated its
applicability under mild processing conditions without strong
acid or base catalysts, which minimizes carbocation- and quinone
methides-induced condensation and repolymerization reactions.
This could preserve the original structure of lignin with high
aryl-ether linkages.

UNDESIRABLE REACTIONS DURING
LIGNIN DEPOLYMERIZATION PROCESS

In the liquefaction process of lignin, a substantial amount of
solid residue is produced after reactions, which restricts the
liquid oil yield. It is believed that formation of undesired solid
products from intermediate products occurs significantly during
the lignin depolymerization reactions (Bai et al., 2014). There
have been many proposed reaction networks to explain these
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FIGURE 1 | Lignin depolymerization and repolymerization scheme.
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secondary condensation and repolymerization reactions. At high
temperatures, the cleavage of abundant ether linkages (e.g., B-O-
4 and a-0O-4) in lignin can form highly reactive and unstable free
radicals, with half-lives of <1073 s (Fossey et al., 1995). These
radical species, in the early stage of the conversion process, can
further react through rearrangement, abstraction and irreversible
radical-radical coupling reactions to form large molecular weight
products (Kim et al., 2017b).

As  primary products, allyl- and vinyl-substituted
intermediates (e.g., 4-vinylphenol, 2-methoxy-4-vinylphenol,
isoeugenol, etc.) are produced from thermal lignin
decomposition (Patwardhan et al, 2011; Ye et al., 2012).
Because of their highly reactive nature toward polymerization
and condensation reactions, rapid stabilization of reactive
intermediates is required to prevent undesirable reactions,
otherwise they readily repolymerize to form oligomers or even
larger undesirable products (Hosoya et al., 2008; Bai et al,
2014; Kotake et al., 2014). Additionally, phenolic products
with unsaturated carbonyl groups frequently found in lignin
derivatives are prone to repolymerization (Shu et al., 2016).

Formaldehyde directly obtained from the cleavage of Cy
position at lignin side chains is also found to participate
in repolymerization reactions between lignin decomposition
products and char formation (Saisu et al., 2003; Huang et al,,
2015). Considering the high reactivity of formaldehyde toward
polymerization (e.g., phenol-formaldehyde resin), a cross-linking
reaction between formaldehyde and phenolic fragments derived
from lignin can readily occur resulting in the formation of large
molecular weight products or char.

In addition to the lignin derived products or lignin fragments
discussed above, some major functional groups in lignin are
also key players in secondary reactions occurring in lignin
decomposition. From the structural point of view, the Ar-OH
group (free phenolic hydroxyl group) in lignin has gained much
attention for its contribution to the secondary reactions due
to its strong reactivity. The Ar-OH group is believed to be
highly reactive toward electrophilic substitution reactions, and

it can form reactive quinone methide intermediates depending
on the reaction conditions (Kim et al., 2017a). All these species
are responsible for secondary repolymerization. Furthermore,
methoxyl groups have also been demonstrated to influence on
char formation during lignin pyrolysis (Hosoya et al., 2009).
There are multiple condensation and repolymerization
pathways that form larger molecules or char, which include
(1) radical coupling, (2) vinyl condensation, (3) reactive
fragments (e.g., formaldehyde) involving polymerization,
and (4) reactive functional group (e.g., Ar-OH) induced
repolymerization reactions. Apparently, the solid products
or char produced in lignin depolymerization results from the
combination of above reaction pathways (Nakamura et al., 2007).

STRUCTURAL MODIFICATION OF LIGNIN

Although the exact structure of lignin still remains unclear,
improvements in modern analytical techniques have elucidated
some important structural features of lignin. These features
include functional groups and inter-unit linkages from
their formation and reaction networks involved in lignin
depolymerization. Abundant functional groups typically found
in the lignocellulosic biomass include methoxyl (-OCHj3),
phenolic hydroxyl (Ar-OH), aliphatic hydroxyl, and carbonyl
groups, depending on biomass species and extraction method
(Chakar and Ragauskas, 2004). Among the different functional
groups, the Ar-OH group has been of great interest to researchers
since it is one of the most reactive functional groups in the lignin
macromolecule (Kim et al., 2017a). Under both acidic and basic
conditions, the primary products derived from lignin readily
undergo facile addition and condensation reactions, forming
high molecular weight products (Roberts et al., 2011). A recent
study revealed that chemoselective masking of an Ar-OH
group with a methyl group (Ar-OCH3) can dramatically reduce
quinone methide-induced secondary condensation reactions
up to 50% (Kim et al., 2017a). In-situ detection of free radical
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species, likely quinone methide radicals, using an electron
paramagnetic resonance spectroscopy, elucidated that radical-
induced reactions are involved in lignin depolymerization. If
the Ar-OH is blocked by other groups, lignin cannot form
quinone methide intermediates, which reduces repolymerization
reactions. Even under pyrolysis conditions, selective methylation
of Ar-OH enhances the production of aromatic hydrocarbon and
inhibits secondary undesirable reactions (Kim J. Y et al,, 2018).
Ethanol is also found to be an effective reagent in suppressing
char formation. In the lignin depolymerization with supercritical
ethanol, ethanol not only acts as a hydrogen-donor solvent to
stabilize the primary products, but it also forms O-alkylation of
Ar-OH groups suppressing repolymerization reactions (Huang
etal., 2014).

Another approach to enhance the yield of low molecular
weight aromatic compounds is to oxidize lignin prior to the
depolymerization reaction. A previous computational study
indicated that the bond dissociation energy of the Cg-O bond in
pB-0O-4 linkages in lignin structure is substantially decreased (~14
kcal/mol) upon the oxidation of the Ca and Cy (Kim et al., 2011).
Thus, it has been hypothesized that the selective oxidation of
lignin side chains could increase the cleavage of the most frequent
p-O-4 linkages. Rahimi and coworkers focused on selective
oxidation of the secondary benzylic alcohol to ketone at the Ca
position using 4-acetamido-TEMPO, and the subsequent mild
depolymerization with aqueous formic acid resulted in more than
60 wt% yield of phenolic monomers (Rahimi et al., 2013, 2014).
Selective lignin oxidation enables the benzylic carbonyl group
to polarize the C-H bond and lower the barrier for the rate-
limiting elimination reaction during lignin depolymerization,
producing more monoaromatic products. Another tests with
model compounds demonstrated lignin degradation strategy by
combining selective benzylic oxidation followed by catalytic C-O
bond cleavage using zinc (Lancefield et al., 2015), NiMo sulfide
(Zhang et al., 2017) or photocatalyst [Ir(ppy).(dtbbpy)]PFs
(Nguyen et al., 2014).

More recently, a novel lignin extraction method that
can prevent interunit C-C coupling while preserving aryl-
ether (C-O) has been developed using formaldehyde (Shuai
et al, 2016a). This effort aimed to strategically block the
reactive benzylic positions with a protecting agent during
lignin extraction. The addition of formaldehyde prevents lignin
condensation reactions by forming 1,3-dioxane structures with
-OH groups at the Co and Cy positions. The subsequent
hydrogenolysis of structurally modified lignin results in near
theoretical yields of monomers. Besides formaldehyde as a
protecting agent, acetaldehyde and propionaldehyde were found
to stabilize primary and secondary -OH groups at the lignin
side chain (Lan et al., 2018). Hydrogenolysis of protected lignin
significantly increased selectivity of final products (80% of 4-n-
propanolsyringol).

It is also believed that the source of lignin (biomass
origin) can affect the repolymerization reaction. For example,
guaiacyl lignin (G wunit) typically found in softwood
lignin would be more susceptible to repolymerization
and condensation reaction because it contains a greater
proportion of unsubstituted C5 aromatic carbons. On the
other hand, syringyl lignin (S unit), a main lignin unit in
hardwood and herbaceous biomass contains relatively few
condensed substructure, it would not undergo unwanted
reactions significantly compared with G unit-rich lignins
(Wariishi et al, 1991). New strategies including a selective
substitution of open C5 aromatic carbons during the isolation
of lignin can be considered before lignin depolymerization
reactions.

The recent findings discussed above suggest that a slight
structural modification of lignin can dramatically increase the
valued products known as building block chemicals from lignin
(Figure 2). Also this approach can be directed toward altering the
biosynthesis process of lignin in the biomass cell wall to produce
substrates that are more amenable to chemical depolymerization
(Kim et al., 2017a).
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FIGURE 2 | Chemoselective structural modification of lignin for maximizing the value.
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INTRODUCING CAPPING AGENTS

Researchers strategically introduced capping agents to stabilize
the intermediates or reactive sites of lignin fragments. Boric acid
has been used to protect the Ar-OH groups in the base-catalyzed
lignin depolymerization (Roberts et al.,, 2011; Toledano et al,
2014a). Boric acid blocks addition and condensation reactions
between the primary products by capping the Ar-OH groups with
formation of boric esters (Roberts et al., 2011). The combination
of base-catalyzed lignin breakdown and the boric acid as a
protecting agent increases product yields (oil) to over 85 wt%.
Based on the high reactivity of boric acid toward nucleophiles
(Rietjens and Steenbergen, 2005), the addition of boric acid to
lignin, a polymeric phenol, results in a strongly coordinated boric
acid-lignin complex. This strong coordination can suppress the
undesired reactions initiated from the reactive Ar-OH groups,
although in-depth study is necessary to elucidate the detailed
mechanisms.

Phenol has also been widely tested as a capping agent to
stabilize phenolic moiety and formaldehyde. (Okuda et al., 2004;
Yuan et al., 2010; Mahmood et al., 2013; Toledano et al., 2014a).
Under the base-catalyzed lignin depolymerization reaction, the
addition of phenol was able to reduce char and residual lignin,
forming the production of a wide variety of phenolic compounds
(Toledano et al., 2014a). Hydrolytic degradation of lignin under
water-ethanol mixture in the presence of phenol as a capping
agent reduced the char yield up to 70% (Yuan et al., 2010).
However, it seems that the reaction conditions (i.e., reaction
temperature, time and phenol to lignin ratio) need to be carefully
controlled to maximize the conversion of lignin to low molecular
weight products. Due to the highly reactive nature of phenol,
it could lead to repolymerization reactions between the reactive
sites of the combined phenol and the side chains of the lignin
fragments, typically at higher temperature and longer reaction
time.

A rapid quenching reactive radical species and unstable
intermediates formed during depolymerization is another
strategy to minimize the side reactions and produce low
molecular weight phenols (Toledano et al., 2014b; Brittain et al.,
2018). A hydrogenolytic approach of lignin with the assistance
of an external hydrogen source and reducing catalysts is widely
examined with an effort to quench the reactive intermediates and
suppress the undesirable reactions. In principle, this approach
employs hydrogens from molecular hydrogen or hydrogen donor
solvents (e.g., ethanol, isopropyl alcohol, tetralin etc.) in the
presence of metal catalysts (Ru, Pt, Pd, Ni, etc.). This strategy
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