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1. Introduction

The diminishing reserves of nonrenewable fossil resources and
aggravation of environmental pollution have steered our soci-
ety towards focusing on valorization of sustainable resources
for the production of renewable chemicals.[1] Biomass is the
only organic carbon resource on earth and its utilization is of
significant importance.[2] Lignocellulosic biomass, as the main
component of biomass, is composed of three polymers includ-
ing cellulose, hemicellulose and lignin.[3] Among these constit-
uents, lignin is a complex aromatic biopolymer and the most
abundant source of aromatics in nature, which endows it with
a paramount advantage in producing renewable aromatic
products.[4] The conversion of lignin into chemicals, fuels, and
carbon-based functional materials is therefore of importance
and draws ever-increasing attention.[5]

Lignin consists of various methoxylated phenylpropanoid
units.[6] Its natural complexity and recalcitrance make its valori-
zation highly challenging, but this motivates scientists to ex-
plore more efficient means for its utilization. In accordance
with the guiding principles of green chemistry (i.e. , benign by
design[7]), researchers have endeavored to develop selective
and efficient methods for the conversion of lignin over the de-
cades. In particular, the last five years have seen a significant
increase in the number of reports and reviews on lignin valori-
zation, pushing extremely rapid development for lignin conver-
sion.[4a,d, 8]

Starting from lignin, various value-added chemicals and
transportation fuels can be obtained through two steps: the
depolymerization of lignin, followed by upgrading to the tar-
geted products. Catalytic transformations involving hydrogen
sources have received immense attention, owing to relatively
mild reaction conditions, relatively simple composition of prod-
ucts, and neutral medium. In addition, for the production of

lignin-derived fuels (arenes and cycloalkanes), hydrodeoxyge-
nation is essential for the removal of oxygen. Indeed, catalytic
transformations involving hydrogen—either for lignin depoly-
merization or the following upgrading of lignin-derived mono-
mers—is something of a research hotspot. The development
of lignin depolymerization has been documented in several re-
views and several depolymerization strategies (base-catalyzed,
acid-catalyzed, reductive, oxidative, and thermal) have been re-
cently reviewed and discussed in detail.[4a,d] However, a system-
atic review on the upgrading of lignin-derived monomers into
value-added chemicals is highly desirable to readers, especially
for the production of lignin-derived value-added chemicals
such as phenol, ethylbenzene, indane, terephthalic acid, and
acetic acid, which have been subject to much research in the
past three years and are thought to be one of most important
research directions for lignin valorization in the coming years.

Herein, with the goal of the production of value-added
chemicals from lignin, we critically discuss the catalytic trans-
formations that involve hydrogen from two aspects, namely
lignin depolymerization and the upgrading of lignin-derived
monomers (Figure 1). The main content of this review is out-
lined thusly : a) Recent advances in research on reductive depo-
lymerization are discussed. b) Production of arenes, cycloal-
kanes, and phenols through selective or deep hydrodeoxyge-
nation is critically reviewed from the point of view of the cata-
lytic mechanism. c) Preparation strategies for other value-
added chemicals are introduced to exemplify their enormous
potential. d) Some personal perspectives on opportunities and
challenges for further research are discussed.

2. Lignin Reductive Depolymerization into
Aromatic Monomers

Lignin is a complex aromatic biopolymer and the only large-
volume renewable source of aromatic chemicals.[4] The extend-
ed network of lignin is constructed from methoxylated phenyl-
propanoid subunits via various C�O and C�C linkages in a
random order, in which the C�O linkage accounts for about 2=3

to 3=4 and C�C linkage accounts for 1=4 to 1=3 (Figure 2).[4b, 9] The
efficient depolymerization of lignin into aromatic monomers is
an attractive first step,[3b, 4a,d, 10] but it is also an extremely chal-
lenging task, for the following reasons. Firstly, most lignin de-
polymerization processes are conducted under rigorous reac-
tion conditions, such as high temperature, high pressure, or
strong acid/base systems. Secondly, complex phenolic mixtures
are always obtained, which presents a tough challenge for
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downstream separation or upgrading to valuable chemicals.
Moreover, repolymerization by the formation of new carbon–
carbon bonds, as well the formation of char and volatile com-
ponents, also occurs during the depolymerization process,
which greatly reduces the product yields.

Over the past few decades, researchers have endeavored to
explore efficient strategies for lignin depolymerization. These
improvements are especially embodied in base-catalyzed,[11]

acid-catalyzed,[12] oxidative,[13] reductive,[5a, 9b, 14] pyrolytic,[15] and
photocatalytic depolymerization[5b, 16] to produce aromatic
monomers. Several reviews have concerned depolymerization
methods for the conversion of lignin into value-added chemi-

cals.[3b, 4a,d, 8b] In this section, we mainly focus on one of the
most popular depolymerization strategies—reductive depoly-
merization.

Of all strategies for lignin depolymerization, reductive depo-
lymerization is a very common method to produce lignin mon-
omers. Hydrogen and metal species that can activate hydrogen
are essential for reductive depolymerization. With the assis-
tance of hydrogen and metal sites, lignin is not only depoly-
merized (cleavage of C�O linkages and even C�C linkages) to
low-molecular-weight aromatic compounds under relatively
mild conditions, but can be further upgraded to targeted com-
pounds through hydrogenation and hydrodeoxygenation
(HDO). Building on earlier reports, the primary reductive prod-
ucts include oxygen-containing aromatics, phenols, arenes, cy-
cloalkanes, and so on. It is worth noting that the structure of
the lignin itself can also influence the product yield and selec-
tivity.[17]

2.1. Oxygen-containing aromatics from lignin

Due to the preservation of methoxy groups under mild condi-
tions, oxygen-containing aromatics are often produced at low
temperatures by a one-step method. These oxygen-containing
aromatics include 4-n-propylguaiacol, 4-n-propylsyringol, 4-n-
propanolguaiacol, 4-n-propanolsyringol, and other compounds.
In 2008, Kou and co-workers[9b] reported that Pd/C catalyst can
selectively cleave the aromatic C�O bonds of aryl ethers in the
aqueous phase to monomers and dimers, then further trans-
form these monomers and dimers into alkanes by hydrogena-
tion. In fact, palladium-based monometallic or bimetallic cata-
lysts have been widely used for the hydrogenolysis of lignin
under mild condition.[18] Interestingly, the product distributions
can be tuned by the choice of noble metals. For example, Sels
and co-workers[14] reported that changing the catalyst from Pd/
C to Ru/C can decrease the OH content of the lignin-derived
products, in particular in the phenolic monomers. The different
product distributions originate from the low C�O hydrogenoly-
sis activity of Pd/C catalyst, which can retain g-OH in the side-
chain with high selectivity to 4-n-propanolguaiacol and 4-n-
propanolysyringol (total up to 91 %). In contrast, over Ru/C, the
g-OH in the side-chain was easily removed, leading to 4-n-pro-
pylguaiacol and 4-n-propylsyringol (total up to 75 %) as the
major products (Figure 3) Ruthenium-based catalysts were not
only used in the reductive depolymerization lignin[19] but also
the upgrading of phenolic monomers and dimers.[20 When ap-
plied in reductive lignocellulose fractionation, soluble lignin-
derived processable carbohydrate pulps were obtained with
almost quantitative retention of the original cellulose and
hemicellulose.

Aside from noble metals, some non-noble metals have also
been used for the reductive depolymerization of lignin. In par-
ticularly, nickel-based catalysts have shown excellent hydroge-
nolysis activity in lignin depolymerization, with carbon, SiO2,
Al2O3, SiC or ZrP as support or Raney Ni as catalyst.[21] Recently,
Li and co-workers[22] reported an efficient hydrogenolysis pro-
cess for organosolv lignin selective decomposition and char
elimination over Ni/ZrP.[22] In addition to non-noble catalysts,
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metal oxide or sulfide catalysts have also attracted increasing
attention.[23] Very recently, Zhang and co-workers[23b] developed
a ReOx/AC catalytic system that achieves a high yield of aro-
matic monomers (about 98.0 %) from model compounds and
up to 80.1 % lignin oil with 24.5 % yield of monomers from
native lignin.

Aside from hydrogen gas, hydrogen can also be derived
from hydrogen donors such as formic acid, methanol, ethanol,
isopropanol, or lignin itself. In view of the safety and cost of
hydrogen gas, the in situ generation of hydrogen with lignin
has been extensively studied by using protic solvents as the
hydrogen source. For example, Ford and co-workers[24] first
demonstrated that the high-efficient hydrogenolysis of lignin
can be achieved over copper-based catalyst in supercritical
methanol through hydrogen transfer. Subsequently, a Raney Ni
catalyst system with isopropanol as hydrogen source was de-
veloped.[25] Jae and co-workers further investigated the use of
combined Ru/C and MgO/ZrO2 catalysts in supercritical ethanol
for depolymerization of lignin through a combination of base-
catalyzed solvolysis and metal-catalyzed hydrogenolysis.[26]

Very recently, a mild redox-neutral lignin depolymerization
system featuring a water-soluble binuclear Rh complex was de-

veloped by Wang and co-workers.[27] Interestingly, the
hydrogen used here for the cleavage of C�O bonds
originated from the alcohol moiety in lignin itself.

Besides one-step reductive depolymerization, two-
step strategies have also been developed to achieve
high yields of aromatic monomers under mild condi-
tions. One strategy is the oxidation–hydrogenation
method, through selective oxidation of Ca�OH in
lignin to ketones.[28] The selective oxidation of Ca�OH
to Ca=O not only weakens the b-O-4 ether bond but
also avoids the hydrogenation method through the
selective oxidation of Ca�OH in lignin to ketones,[28]

as well as the condensation reactions caused by the
presence of carbocation.[16a] In 2014, Stahl and co-
workers reported a two-step method for the depoly-
merization of oxidized lignin.[28a] Ca�OH was first oxi-
dized to a ketone by using stoichiometric Mn or Cr
oxide reagents, followed by formic-acid-induced

lignin depolymerization, which resulted in more than 60 wt %
yield of low-molecular-mass aromatics. This two-step oxida-
tion–hydrogenation strategy was further developed by Wang
and co-workers, who used O2/NaNO2/DDQ/NHPI (DDO = 2,3-di-
chloro-5,6- dicyano-1,4-benzoquinone; NHPI = N-hydroxyphtha-
limide) and NiMo sulfide,[28b] CuCl2 and Ru/CeO2,[28c] and Ni/
MgAlO-C systems for this transformation.[28d] Additionally, the
hydrogen bond in lignin was also broken after preoxidation,
greatly facilitating the cleavage of b-O-4 bonds.[29]

Another efficient two-step method was the aldehyde-stabi-
lized hydrogenolysis strategy. In 2016, Luterbacher and co-
workers reported that adding formaldehyde during pretreat-
ment of biomass can significantly improve the yield of lignin
monomer by avoiding interunit C�C coupling.[5a] In this strat-
egy, formaldehyde hinders the formation of new C�C bonds
by forming a stable six-membered 1,3-dioxane structure with
1,3-diols on lignin side-chains, which blocks the formation of
benzylic cations, thus preventing repolymerization. Subse-
quently, the same group further developed other diol protec-
tion reagents, such as acetaldehyde and propionaldehyde.[30]

The subsequent hydrogenolysis catalyzed by Pd/C generated
lignin monomers at near-theoretical yields based on Klason

Figure 1. Reaction network for lignin conversion involving hydrogen.

Figure 2. Representative structure of a fragment of lignin and proportions of the various linkages.
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lignin, and with high selectivity to a single 4-n-propanol-
syringol product (80 %) in the case of the transgenic hybrid
poplar.

2.2. Arenes from lignin

The products obtained from the above reductive approaches
are a wide range of oxygen-containing aromatics, and sequen-
tial upgrading processes are required to convert them into
simple fine chemicals or fuels. Therefore, one-pot valorization
of raw lignin to hydrocarbons by combining depolymerization
and hydrodeoxygenation represents an interesting chal-
lenge.[31] In 2017, Wang and co-workers[31a] reported the first
selective production of arenes by direct hydrodeoxygenation
of lignin over Ru/Nb2O5 catalyst, which enabled complete re-
moval of the oxygen content (Figure 4 A). Further study
showed that a layered Nb2O5-supported Ru catalyst with more
Nb=O groups (unsaturated NbOx sites) and higher Ru disper-
sion had very high activity and arene selectivity.[32] Very recent-
ly, a new multifunctional Ru/NbOPO4 catalytic system was used
for the catalytic cleavage of both interunit C�C and C�O
bonds in one-pot lignin conversions and yielded 124–153 % of
monocyclic hydrocarbons based on the NBO method (Fig-
ure 4 B).[33] The superior activity of the Ru/NbOPO4 catalyst orig-
inates from a combination of strong adsorption, a synergistic
effect between Ru and NbOx species, and the acid sites on the
catalyst, which all work together to selectively cleave the inter-
ring C�C linkages and C�O bonds.

Figure 3. Comparison of the lignin products after Ru/C- and Pd/C-catalyzed
processing of birch wood in MeOH. a) Peak identification of the monomers
by GC-MS. b) Molecular weight distribution of the “lignin oil” by gel permea-
tion chromatography (GPC). Reprinted from Ref. [14] with permission from
the Royal Society of Chemistry.

Figure 4. a) The conversion process from lignin to arenes via C�O bonds cleavage over Ru/Nb2O5. b) One-pot depolymerization and hydrodeoxygenation of
lignin into monocyclic aromatic hydrocarbons via both C�O and C�C bond cleavage over Ru/NbOPO4. Reprinted from Refs. [31a] and [33] with permission
from Springer–Nature and Cell Press, respectively.
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3. Upgrading of Lignin-Derived Monomers

Lignin-derived monomers can be obtained by breaking the in-
terunit C�O and C�C linkages in native lignin and consist of a
phenolic body, substituted with one or two ortho-methoxy
groups and a para-hydroxypropyl group. Most of the mono-
meric compounds obtained by depolymerization methods
cannot be directly used as value-added chemicals and need to
be further upgraded by various transformations.[3b,d, 4a,d] Strat-
egies for monomer upgrading are mainly focused on the hy-
drodeoxygenation process. The hydrodeoxygenation process,
including saturation of the aromatic rings and cleavage of C�O
and C�C bonds, holds promise for synthesizing value-added
chemicals, such as cycloalkanes, arenes, and phenol. Some
studies have targeted the catalytic production of cycloalkanes
through deep hydrodeoxygenation of lignin or its constituent
monomers.[9b, 31d] The obtained cycloalkanes can be used as
transportation fuels. However, deep hydrodeoxygenation elimi-
nates the inherent aromatic properties of lignin or its constitu-
ent monomers with the penalty of hydrogen consumption.
Therefore, breaking the C�O bond while preserving the aro-
matic ring for arene preparation has received considerable at-
tention. Moreover, arenes can be added to transportation fuel
to increase heating values and prevent the leakage of fuel
through promoting the shrinkage of aged elastomer seals.
Generally, the obtained arenes consist of three alkylbenzenes,
namely toluene, ethylbenzene, and propylbenzene. Among
them, ethylbenzene is a key intermediate for the production of
styrene, widely used as a precursor of plastics, and its catalytic
production through dehydrogenative decarbonylation of para-
hydroxypropyl groups is worth considering. Aside from pro-
duction of cycloalkanes and arenes, selectively cleaving the
methoxy groups and a para-side-chain group in lignin-derived
monomers to obtain phenol is another attractive option, since
phenol is one of the most important aromatic compounds in
the field of fine chemicals.

To gain a fundamental understanding of the catalytic mech-
anism, researchers have conducted extensive studies by using
model phenolic compounds produced by depolymerization of
lignin, such as cresol, phenol, guaiacol, and 4-propylguaiacol.
Cresol and phenol, incorporating two typical groups of lignin,
namely the aromatic ring and phenolic hydroxy group, are
used usually to as model compounds to investigate the reac-
tion mechanism in the HDO of lignin to arenes and cycloal-

kanes because of their extremely simple structure. Guaiacol
and 4-propylguaiacol are generally employed as prototype
molecules to represent lignin-derived monomers to study the
selective removal of the methoxy groups and a para-side-chain
group.

3.1. Arenes and cycloalkanes

Starting from lignin and lignin model compounds, the synthe-
ses of arenes and cycloalkanes are generally considered con-
nected and competitive reactions.[5d, 34] A key objective during
the process is to maximize the selectivity to arenes or to cyclo-
alkanes. Compared with the cycloalkane production, arene pro-
duction is more attractive, since it preserves the inherent aro-
matic properties of lignin with less consumption of the hydro-
gen source.[5c, 35] Moreover, as mentioned above, arenes show
higher densities and volumetric heating values than chain alka-
nes and are needed to prevent fuel leakage. The design of cat-
alytic systems for production of arenes is more challenging
than for that of cycloalkanes. Herein, we mainly focus on arene
production from the point of view of the catalyst and reaction
mechanism and give a brief mention for the synthesis of cyclo-
alkanes.

Immense attention has been paid to the development of
heterogeneous catalysts for the removal of phenolic hydroxy
groups, owing to its having the strongest bond energy among
all C�O bonds within lignin.[36] The biggest challenge on this
topic, which is driven by the evident competition between ex-
cessive hydrogenation of the aromatic rings and cleavage of
phenolic hydroxy groups, is to develop state-of-the-art catalyt-
ic systems that can cleave the phenolic hydroxy groups while
preserving the aromatic rings.[28d, 37]

3.1.1. Reaction pathway

Three reaction mechanisms (Scheme 1) for the conversion of
phenols into aromatic hydrocarbons have been demonstrat-
ed.[38] The first one is the direct hydrogenolysis (DDO) of phe-
nolic hydroxy groups to arenes.[32b, 39] The DDO pathway is
most likely to occur at step sites for a Ru-based catalyst. More-
over, a reducible metal oxide support may contribute to deox-
ygenation by a DDO mechanism at an oxygen defect site. The
second pathway involves three tandem steps (HYD) including
hydrogenation to cyclohexanol or cyclohexanone, then dehy-

Scheme 1. The reaction pathway for the conversion of cresol into toluene.
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dration to cyclohexene, and finally dehydrogenation to aro-
matic hydrocarbons.[40] The third way is proposed to proceed
via a tautomerization route, followed by C=O bond hydrogena-
tion to cyclohexadienol and finally dehydration to generate
arenes (THD).[41] This pathway contains a keto-enol tautomeri-
zation, which occurs between the hydroxy group and the adja-
cent C=C on the aromatic ring. These three parallel pathways
are usually affected by various factors, including reaction con-
ditions (temperature and hydrogen pressure), hydrogenation
activity of the metal, and role of support and the first two
pathways, namely DDO and HYD, are relatively common.[42]

These two pathways can occur concurrently at relatively low
temperature, whereas a higher temperature favors the DDO
route.[43] This is because a relatively low temperature is thermo-
dynamically beneficial for hydrogenation of aromatic ring,
causing the loss of the aromaticity.[31b, 40b] The DDO route is
more desirable since the cyclohexene immediate of the HYD
pathway easily undergoes deep hydrogenation to cyclohexane,
resulting in the loss of inherent aromaticity. Moreover, hydro-
genation of the aromatic ring is accompanied by the penalty
of additional hydrogen consumption. The pressing need is
hence to develop state-of-the-art catalytic systems to promote
the DDO route but prevent the HYD route in kinetics at rela-
tively low temperature. Ru/Nb-, Ru/Ti-, and Ru/Mo-based cata-
lysts, for example, were developed to meet the pressing need,
which is discussed in more detail below. In addition, a lower
hydrogen pressure favors the DDO pathway, whereas a lower
hydrogen pressure results in a low conversion of the sub-
strate.[43a,b]

Although the removal of phenolic hydroxy groups has been
intensively explored over the past decade, the global interest
in this topic started from the pioneering works of Delmon and
co-workers.[44] Early studies on the removal of phenolic hydroxy
groups used the catalyst systems for hydrodesulfurization for
reference. Sulfided metal catalysts, especially sulfided Mo-
based catalysts, are active in producing aromatics,[38a, 44, 45] but
face challenges owing to the loss of sulfur and generation of
coke. Although the continuous introduction of sulfur sources
can overcome the challenge, it is inevitable to cause sulfur
contamination in the environment. To address these problems,
Mo- and W-based catalysts were reported for the hydrogenoly-
sis of phenols, but required relatively harsh reaction condi-
tions.[23c, 43c, 46] Subsequent studies mainly focused on the devel-
opment of supported non-sulfide metal catalysts, with hydro-
genation and oxophilic sites. Generally, noble metals such as

Ru, Pt, Pd, and Rh can serve as hydrogenation sites and have
been widely used in the total cleavage of C�O bonds in lignin,
because of relatively strong hydrogenation activity. Hence,
these metals form the subject of the following section on the
total cleavage of C�O bonds. Other metals (e.g. , Au, Ni, Ag)
that contributed to the removal of the methoxy groups will be
discussed in the section on phenol production.

3.1.2. Role of metals

3.1.2.1. Ru-based catalysts

Good hydrogenation performance is highly desired to maxi-
mize arene selectivity.[47] A generally agreed proposition is that
Ru has satisfactory hydrogenation activity, leading to high
arene selectivity and medium conversion of lignin or its deriva-
tives.[3a] Hence, many Ru-based catalysts have been developed
for this reaction, including Ru-WOx/SiAl, Ru/Nb2O5, Ru/TiO2, Ru/
HZSM-5, Ru/MCM-41, Ru/C, and bimetallic RuNi catalyst
(Table 1).[48] Among these Ru-based catalysts, Ru/Nb-based cat-
alysts not only show high selectivity to aromatic hydrocarbons,
but also enable the direct conversion of native lignin into
arenes, which will be discussed in detail in the following sec-
tion. Interestingly, three completely different pathways for the
hydrodeoxygenation of phenol over Ru/Nb2O5, Pd/Nb2O5 and
Pt/Nb2O5 were proven by experimental and vibration spectros-
copy analysis.[31a,d] When Ru/Nb2O5 was used as catalyst, the
direct cleavage of C�O bonds was overwhelming, owing to a
combination of strong adsorption, selective activation of the
phenolic hydroxy groups, and a synergistic effect between the
Ru and NbOx species, leading to a distinct selectivity to arene-
s.[31a] In contrast, with Pd/Nb2O5, the aromatic ring saturation
shows higher selectivity than the direct hydrogenolysis of C�O
bonds because of stronger bonding of the aromatic ring with
the catalyst surface and the higher hydrogenation ability of Pd
than that of Ru. Over Pt/Nb2O5, a combination of a direct dehy-
droxylation and a tandem route with fast kinetics results in a
higher arene selectivity than that over Pd/Nb2O5 at the begin-
ning of the reaction.[31d] Even so, the arene selectivity over Pt/
Nb2O5 is still lower than that over Ru/Nb2O5, owing to its stron-
ger hydrogenation activity.

By controlling the hydrogenolysis ability of Ru, the hydro-
deoxygenation product distributions of lignin and its deriva-
tives can be completely different. Ru particle sizes, modifica-
tion of Ru and Ru-based bimetallic catalyst for improving the

Table 1. Overview of the hydrodeoxygenation of lignin and lignin model compounds over various Ru-based catalysts.

Feedstock Conv. [%] Catalyst Reaction conditions Major product Sel./yield [%] Ref.

organosolv lignin 100 Ru/Nb2O5 0.1/15 g mL�1 in H2O, 250 8C, 0.7 MPa H2, 20 h arenes 59.5 (wt) [31a]
enzymatic lignin 100 Ru/Nb2O5-L1 0.1/10 g mL�1 in H2O, 250 8C, 0.7 MPa H2, 10 h. arenes 85 (S) [32a]
phenol 30 Ru/TiO2 5 g, ~10 wt % in H2O, 300 8C, 45.8 bar H2, 1 h benzene 95 (S) [38b]
p-tert-butylphenol 100 Ru-WOx/SiAl 1/12 mmol mL�1 in H2O, 270 8C, 2 MPa H2, 2 h tert-butylbenzene 81 (S) [39]
phenol 100 Ru/Nb2O5-C 0.05/15/5 g mL�1 mL�1 in decalin/H2O, 250 8C, 2 bar H2, 4 h benzene 80 (S) [40b]
phenol �72 Ru/MCM-41 5/20 g mL�1 in H2O, 280 8C, 0.265 mol formic acid, 1 h cyclohexane/benzene �44/�15 (Y) [48a]
Guaiacol 100 Ru/HZSM-5 0.2/100 g mL�1 in H2O, 240 8C, 2 bar H2 and 6 bar N2, 1 h benzene �95 (Y) [42a]
guaiacol 100 Ru/SiO2-Al2O3 7.5 wt % in decane, 250 8C; 4 MPa; 1 h cyclohexane 60 (Y) [49]
guaiacol 100 Ru/TiO2-ZrO2 3 wt % in dodecane 260 8C; 2 MPa; 6 h benzene/cyclohexane �45/�33 [50]
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arenes selectivity and the lignin conversion have been taken
into consideration.[31c, 48c, 51] Smaller Ru particles (1.2 and 1.8 nm)
loaded onto NbOPO4 support had high activity and favored
the production of aromatic compounds, owing to their lower
barriers for the cleavage of both Caromatic�O and Caliphatic�O
bonds, which was further confirmed by DFT calculations.[31c]

A similar Ru size effect was also observed for the conversion of
anisole into benzene when TiO2 was used as as support.[48c] In-
terestingly, weakening the hydrogenolysis ability of Ru through
the strong interaction brought about by decoration with
CH2Cl2 favors another parallel route, namely the intramolecular
cyclization reaction, rather than the direct hydrogenolysis of
hydroxypropyl groups, affording a high yield of indane and its
derivatives.[51a] By introducing Ni into Ru, the selectivity and ac-
tivity for the C�O bond cleavage of guaiacol were markedly
enhanced and the adjustment of the H radical transfer length
between Ru and Ni nanoparticles is responsible for the selec-
tive hydrogenolysis steps (Figure 5).[51b] In short, the above
strategies are of significance for controlling the hydrogenation
ability of Ru and the product distribution from lignin.

3.1.2.2. Pt-, Pd-, and Rh-based catalysts

Pt, Pd, and Rh, as common hydrogenation/hydrogenolysis cat-
alysts, have been intensively investigated for the hydrodeoxy-
genation of lignin and lignin model compounds over the past
decade.[52] In contrast to Ru-based catalysts, hydrodeoxygena-
tion catalysts involving Pt, Pd, and Rh are generally favorable
for the saturation of aromatic rings instead of the removal of
phenolic hydroxy groups, giving a high yield of cycloalkanes
because of their strong hydrogenation activity.[9b, 31a,d, 53]

M/Nb2O5 (M = Ru, Pt, or Pd) catalysts, as discussed above for
the hydrodeoxygenation of lignin and lignin model com-
pounds, are known to show hydrodeoxygenation mechanisms,
which result in different product distributions.[31a,d] However,
the hydrodeoxygenation activity of Pt, Pd, and Rh strongly de-
pends on the supports. The interaction of the metal M (Pt and
Pd) and the Lewis acidic support was proven to be the key for
the hydrodeoxygenation of biomass-derived compounds.[54]

For instance, Pd enables hydrogen spillover to partially reduce
Ti4+ , causing a highly hydrodeoxygenation reaction-sensitive
TiOx species.[54e] In addition, the phase, pore structure, and acid
site numbers of the support accordingly affect the hydrodeox-
ygenation activity in lignin model compounds conversion.[53e, 55]

For example, when using Rh as the active metal, it is found
that Rh/MCM-36 has the highest Rh dispersion among Rh cata-
lysts supported on zeolites, including MCM-22(C), MCM-22(SC),
and MCM-36, mainly contributing to a high hydrodeoxygena-
tion activity. In addition, quantity of acid sites and mass trans-
fer of reactants and products at the mesopores are also re-
sponsible for the overall activity.[56] When Pd and Pt were em-
ployed as the hydrogenation site, the dispersion of Pd and Pt
nanoparticles influenced by support (ZSM-5 and TiO2) also dra-
matically affects the product selectivity.[54f, 55a] However, owing
to the relatively high expense and rarity of Rh, the application
of Rh-based catalysts is relatively limited compared with that
of Pd or Pt.

3.1.2.3. Non-noble metal-based catalysts

Non-noble metals, such as Ni, Fe, Cu, and Co, have been found
to be efficient for the catalytic decomposition of lignin and
lignin model compounds. Among these non-noble metals, Ni-
based catalysts have drawn considerable attention because of
their excellent performance in hydrogenation chemistry, but
usually favors the saturation of aromatic ring. For example, a
series of Ni-based catalysts, including Ni/AC,[57] Ni/ZrO2,[58] Ni/
SiO2,[21d] and Ni/a-Al2O3,[59] have been developed for the hydro-
genolysis of lignin and exhibit high catalytic activity. Owing to
its strong hydrogenation activity, the major hydrodeoxygena-
tion products are cycloalkanes, rather than arenes. To obtain
high selectivity to arenes over Ni-based catalysts, weakening
the hydrogenation activity of Ni by modification with other
metals has proven a promising method. Bimetallic Re-Ni/ZrO2

catalysts were found to improve the selectivity to arenes great-
ly in the conversion of 4-propylphenol or m-cresol.[60] The addi-
tion of Re to the Ni-based catalyst forms surface Ni�Re alloy
and electron deficiency in the Ni d-band, thus weakening the
adsorption of phenyl rings on the surface. When Fe is used to
modify Ni-based catalysts, a similar product distribution was
obtained.[61] Over bimetallic Ni-Fe/SiO2 catalyst, the hydrogena-
tion of a keto tautomer intermediate can be greatly enhanced,
resulting in a cyclodiene alcohol that is readily dehydrated to
give the aromatic hydrocarbon. Moreover, Ni2P/SiO2 catalyst
also showed excellent hydrodeoxygenation ability in the con-
version of lignin model compounds.[62] The active site of Ni2P
catalysts is composed of threefold hollow Ni and P sites, which
lead to adsorption of H or OH groups. Although Ni-based cata-
lysts are considered promising for the HDO of lignin, stabiliza-
tion remains a big challenge and the poor stability limits their
industrial application. Ni particles may suffer from leaching, sin-
tering, and/or being oxidized, causing deactivation. Regarding
Ni-based catalysts, future study should focus on improving the
stability. Compared with Ni-based catalysts, Fe-, Cu-, and Co-
based catalysts are beneficial for the production of arenes
through DDO pathway. Fe, Cu, and Co are usually used as a
second component to form bimetallic catalysts, but also play
key roles in the HDO, especially for the tuning of geometric
and electronic structures of the active metal. For example, in-
troducing Fe into Pd-based catalysts significantly enhances
their catalytic performance for the HDO of phenol to arenes

Figure 5. Proposed mechanisms for C�O hydrogenolysis of guaiacol over Ni/
HZSM-5 and RuNi/HZSM-5. Reprinted from Ref. [51b] with permission from
the American Chemical Society.
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because of the preferential adsorption and activation of
phenol on Fe species, avoiding hydrogenation of the aromatic
ring on Pd species.[40a, 41a] Although non-noble metal-based cat-
alysts have shown some success in the conversion of lignin
model compounds, unlike noble metals catalyst, the success of
non-noble metals-based catalysts in directly converting native
lignin into arenes and cycloalkanes is still at the proof-of-con-
cept stage and future studies should be devoted to develop-
ing the direct transformation of native lignin over non-noble
metals.

3.1.3. Role of supports

Aside from the metal hydrogenation sites, acidic supports with
strong oxygen affinity are also critical for the removal of phe-
nolic hydroxy groups.[63] In this respect, high-valence and
strong Lewis-acidity metals, such as Ti, Mo, Nb, Re, and W, are
desirable candidates for the oxophilic sites.[64] In particular, Ti-,
Mo-, and Nb-based catalysts have achieved considerable atten-
tion for the hydrodeoxygenation of lignin and lignin model
compounds and this section mainly presents an overview of
Ti-, Mo-, and Nb-based catalysts for the removal of phenolic
hydroxy groups, demonstrating their catalytic properties and
mechanisms.

3.1.3.1. Ti-based catalysts

The influence of the support properties on hydrodeoxygena-
tion product distribution is of significance. For instance, various
Ru-loaded mesoporous supports including TiO2, Al2O3, SBA-15
and P25 presented different hydrodeoxygenation pathways.[48c]

Ru/Al2O3 and Ru/SBA-15 were found to promote the hydro-
deoxygenation reaction via the HYD pathway, whereas Ru/TiO2

and Ru/P25 showed a preference for the DDO pathway
(Figure 6). Compared with Ru/Al2O3 and Ru/SBA-15, the defi-
cient Ti3 + sites or oxygen vacancies play a key role in the DDO
pathway;[48c] that is, unsaturated TiOx species have strong acti-
vation ability for C�O bonds, which is also confirmed for Nb-
based catalyst systems.[32a,b, 65] The Ti-based catalyst also
showed higher activity than Ru/Al2O3, Ru/C, and Ru/SiO2 in the
hydrodeoxygenation of phenol, owing to defect sites created
by hydrogen spillover.[48b] Based on the efficient performance

of Ti-based catalysts, some mixed supports containing TiOx

species were designed to push the development in this
field.[50] Aside from the outstanding performance for phenolic
hydroxy groups, Ti-based catalysts were also developed for the
hydrodeoxygenation of guaiacol to phenol, which will be dis-
cussed in detail below.

3.1.3.2. Mo-based catalysts

Conventional Mo-based catalysts, such as MoS2, NiMoS2, and
CoMoS2, have shown great potential and attracted significant
attention.[38a, 44a, 66] MoO3 is regarded as a cost-effective catalyst
and even in the absence of any noble metals showed excep-
tional selectivity to unsaturated hydrocarbons among various
catalysts (MoO3, V2O5, Fe2O3, CuO, and WO3).[35a, 67] Oxygen va-
cancies on unsaturated MoOx (mainly MoV) species are general-
ly considered as the origin of high hydrodeoxygenation activity
over Mo-based catalysts.[67, 68] The energy profiles for oxygen
vacancy site generation on a simulated molybdenum oxide
surface are shown as Figure 7 and the partially reduced MoO3

species reduces the C�O bond energy through strong adsorp-
tion.[67] With MoO3 species dispersed over SiO2, Al2O3, TiO2,
ZrO2, and CeO2, all Mo-based catalysts selectively break C�O
bond while preserving the aromatic ring. The catalytic activities
of the different Mo-based catalysts depend strongly on the re-
ducibility of surface MoOx and the electronegativity of the sup-
port.[35b] The above studies demonstrate Mo-based catalysts
indeed are promising for hydrodeoxygenation of lignin and
lignin model compounds. However, Mo-based catalysts are
easily deactivated by coke formation, reduction of active MoOx

species, and water poisoning in the hydrodeoxygenation reac-
tion.[35b, 67, 68b, 69] Hence, further research should focus on improv-
ing the stability of Mo-based catalysts and developing targeted
methods to overcome the challenge of deactivation.

3.1.3.3. Nb-based catalysts

With Ru serving as the hydrogenating sites, Nb-based catalysts
have shown exceptional activity and selectivity for arene pro-
duction from lignin and its model compounds and the catalyt-
ic sites have been systematically investigated.[31a, 40b, 70] A porous
Ru/Nb2O5 catalyzed the conversion of organosolv lignin into

Figure 6. Hydrodeoxygenation mechanisms for anisole depending on Ru particle size. Reprinted from Ref. [48c] with permission from Elsevier.
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arenes with high selectivity and the Nb2O5 support enables se-
lective activation of the phenolic hydroxy groups, resulting in
significant reduction of the disassociation energy for phenolic
hydroxy groups.[31a] This unique oxygen affinity was also evi-
dent in other C�O bond cleavage reactions, especially in the
cleavage of the tetrahydrofuran ring and C=O bond activation
to give the enolate intermediate, leading to the excellent hy-
drodeoxygenation and aldol condensation performance of the
Nb-based catalyst.[71] The activation behaviors of 4-methylphe-
nol, tetrahydrofuran, and acetone over Nb-based catalysts
were clearly shown by diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS; Figure 8).[31a, 32a, 54a, 71a] The ad-
sorption and binding of phenol molecules on the Nb2O5 (001),
ZrO2 (010), Al2O3 (110), and TiO2 (101) surfaces further confirm
that, among these oxides, Nb2O5 has strong adsorption of
phenol and low disassociation energy of Caromatic�OH bonds
(Figure 9).[31a] Subsequent investigations, including those of
metal size effects, electronic effects, and Nb2O5 surface proper-
ties, revolved around the activation of the phenolic hydroxy
groups over Nb-based catalysts.[31c, 32a, 72] As previously men-
tioned, the size of the Ru nanoparticles strongly affects the
lignin hydrogenolysis activities and product distributions.[31c, 32a]

For a more elaborate discussion on the electronic effect involv-

ing Nb-based catalysts, the reader is referred to the later chap-
ter on phenol production (Section 3.2). The exploration of the
relationships between Nb2O5 surface properties and its catalyt-
ic performance in hydrodeoxygenation of lignin and its deriva-
tives reveals that the coordination states of Nb (NbOx sites)
affect the catalytic activity, while Ru nanoparticles size is re-
sponsible for the product selectivity.[32a,b] More unsaturated
NbOx species show stronger adsorption and activation ability
for C�O bonds, thus promoting the hydrodeoxygenation of
lignin-derived compounds and furanic oxygenates.[32a,b, 65]

Based on the unique activation ability for the phenolic hydroxy
groups, a simple Ru-loaded niobium oxide dispersed in silica
was prepared to convert lignin model compounds and native
lignin into aromatic hydrocarbons by hydrogen transfer reac-
tions with 2-PrOH as a hydrogen donor.[31b]

Although Mo-based catalysts can catalyze the hydrodeoxy-
genation reaction to afford arenes without hydrogenating
metal sites because of their unique crystal structures and oxi-
dation states, harsh reaction conditions and the aforemen-
tioned deactivation behaviors limit their application. Ru/Ti-
based and Ru/Nb-based catalysts can overcome the above
problems mentioned for Mo-based catalyst systems. The ulti-
mate aim in this field is to directly convert native lignin into

Figure 8. DRIFTS analysis to monitor the changes in 4-methylphenol (left), tetrahydrofuran (middle), and acetone (right) adsorption and conversion. Reprinted
from refs. [32a] and [71] with permission from Elsevier.

Figure 7. Energy profiles for oxygen vacancy site generation on a simulated molybdenum oxide surface. Reprinted from Ref. [67] with permission from the
Royal Society of Chemistry.
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arenes, rather than just lignin model compounds. In this re-
spect, Nb-based catalysts have more obvious advantages than
Ti-based catalysts and other supported Ru catalysts, such as
Ru/ZrO2, Ru/Al2O3, Ru/H-ZSM-5, and Ru/C.[31a, 32a,b] Both organo-
solv lignin and enzymatic lignin, as two typical native lignins,
were directly converted into arenes with high selectivity over
Nb-based catalysts.[31a, 32b] The reaction pathway of lignin model
compounds over Nb-based catalysts is totally different from
that over other supported Ru catalysts, but was not reported
to date. Unpublished results from our group on the time
course of phenol hydrodeoxygenation over Ru/NbOPO4,
Ru/TiO2, Ru/C, and Ru/Al2O3 with the same Ru particle size,
clearly reveal the difference (Figure 10). Over Ru/NbOPO4, the
reaction undergoes rapid DDO to give benzene in 2 h and the
generated benzene is hardly converted into cyclohexane by
hydrogenation with increased reaction time, whereas over Ru/
C, phenol is first hydrogenated into cyclohexanol, then under-
goes hydrogenolysis to cyclohexane. In addition, direct hydro-
genolysis to benzene and saturation of the aromatic ring to cy-
clohexanol can occur concurrently over Ru/TiO2 or Ru/Al2O3

catalysts at the beginning of the reaction. By further prolong-
ing the reaction time, Ru/TiO2 favors dehydration of cyclohexa-
nol to cyclohexene, then dehydrogenates to give benzene,
whereas Ru/Al2O3 is beneficial for the hydrogenolysis of cyclo-
hexanol to cyclohexane. In short, Ru/NbOPO4 shows the stron-
gest activity of direct hydrogenolysis among various supported
Ru catalysts, affording exceptional selectivity to arenes, in ac-
cordance with previous reports.[31a, 32a,b]

3.1.4. Synergistic effects between metal and support

In addition to the direct influences of metal and support, syn-
ergistic effects between them are also crucial for the direct
cleavage of the C(sp2)�O bonds.[3b, 31a, 39] The co-impregnation
method was found to be beneficial for the intimate contact
between hydrogenating Ru sites and Lewis acidic W sites, ac-
cordingly promoting the removal of O atoms chelated with
Lewis acidic W sites with the help of the adjacent hydrogena-
tion sites.[39] A mechanically blended Ru�Nb catalyst proved
less active for the direct cleavage of C(sp2)�O bonds than
Ru/Nb2O5 prepared by incipient wetness impregnation
method, which further supports the key role of a synergistic
effect between hydrogenating Ru sites and acid sites with
strong oxygen affinity.[31a] Understanding the interaction of
metal and acid sites with strong oxygen affinity is of impor-
tance for the development of highly efficient hydrodeoxygena-
tion catalysts.[73] The interaction of metal and support was
named as the “intimacy criterion”, whereby, beyond a maxi-
mum distance between metal and support, the catalytic per-
formance will significantly decrease.[74] In this respect, employ-
ing surface-sensitive characterization methods to understand
the real surface structure and change during catalytic process
becomes the best way. The aforementioned studies also inten-
sified interest in the development and preparation of Ru-
loaded Nb-based catalysts, and Ru/Nb2O5-SiO2 and Ru/Nb2O5-C
were recently prepared for the hydrodeoxygenation of lignin
and lignin model compounds.[31b, 40b] In addition, the impor-
tance of the interfaces between hydrogenating sites and Lewis

Figure 9. Calculated energies and views of the optimized structural models for phenol binding on catalyst surfaces. a) Calculated energies for phenol adsorp-
tion (combination of deprotonation of Caromatic�OH to form phenoxide bound to the vacant surface metal sites and formation of surface OH groups and disas-
sociation of the C�O bonds upon adsorption over Nb2O5, ZrO2, Al2O3 and TiO2). b) Views of the corresponding DFT-optimized structural models for the phen-
oxide bound on Nb2O5 (001), ZrO2 (010), Al2O3 (110), and TiO2 (101) surfaces. Reprinted from Ref. [31a] with permission from Springer–Nature.
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sites was also proposed and H2 undergoes heterolytic cleavage
to form an active site at the interface sites when water is em-
ployed as a cocatalyst, facilitating the direct C�O bond cleav-
age of phenol.[38b]

3.2. Phenol

The synthesis of phenol from lignin or lignin model com-
pounds has been intensively investigated in the past three
years and is becoming a hot area of lignin valorization.[2d, 4a]

Guaiacol or 4-propylguaiacol is generally employed as a proto-
type molecule to represent lignin-derived monomers to study
the selective cleavage of C�O bonds because both of them in-
corporate methoxy groups, the phenolic hydroxy groups, and
aromatic rings. The preparation of phenol from lignin-derived

monomers by selectively removing the methoxy groups and a
para-side-chain group is of great importance. Several state-of-
the-art catalysts, such as CoMoS/ZrO2, metal-loaded TiO2 (Au,
Ag, Ni), Au/Nb2O5, carbon-supported molybdenum, NiMoS/
Al2O3 and Ru/CeO2, have been developed for the hydrodeoxy-
genation of guaiacol or 4-propylguaiacol to phenol or propyl-
phenol (Table 2).[75]

3.2.1. Reaction pathway

Phenol is known to be formed from guaiacol through three
major pathways (Scheme 2).[76, 78, 82] One is by first converting
into a catechol intermediate through demethylation, followed
by dehydroxylation to give phenol. The second is direct deme-
thoxylation to form phenol. In the third, anisole is first formed

Figure 10. a–d) The time courses of the phenol hydrodeoxygenation catalyzed by Ru1.2/NbOPO4 (a), Ru1.2/TiO2 (b), Ru1.2/C (c), and Ru1.2/Al2O3 (d) (1.2 represents
the average particle size of Ru nanoparticles (1.2 nm)). Reaction conditions: catalyst (0.05 g), substrate (0.1 g), deionized water (14 mL), 230 8C, initial H2 pres-
sure 0.5 MPa. e) Reaction scheme of phenol hydrogenolysis over various supported catalysts.
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through dehydroxylation, which is followed by demethylation
to afford phenol. Based on the bond energies of three groups
in guaiacol, the first two pathways were accordingly proposed
and proven by most researchers.[31e, 36d,e, 61, 77] In other words, the
intense interest of researchers has mainly focused on the
mechanism.

3.2.2. Roles of metals

When targeting phenol production, the biggest challenge,
driven by the evident competition among the desired removal
of the methoxy groups, excessive hydrogenolysis of the phe-
nolic hydroxy groups, and the undesired hydrogenation of the
aromatic rings, is to develop state-of-the-art catalytic systems
that can cleave the methoxy groups while preserving the phe-
nolic hydroxy groups and the aromatic rings. To overcome the
challenge, supported metal sulfide catalysts (CoMoS/ZrO2 and
sulfided CoMo/Al2O3) were employed to catalyze the hydro-
deoxygenation of guaiacol, but loss of sulfur limits their appli-
cation.[75a, 83] Although continuous addition of sulfur can regen-
erate the catalysts, it caused new problems for the down-
stream processes.

As an attractive alternative, supported metal catalysts,
mainly those with low catalytic hydrogenation/hydrogenolysis

activity were developed to produce phenol from guaiacol and
the relationship between catalytic performance and catalyst
structure was investigated.[31e, 75d, 76–78, 80] Generally, from the
point of view of the active metal, intrinsic hydrogenation activ-
ity, size effect, electronic effect and resulting hydrogen spill-
over were endeavored to explore the most efficient metal to
maximize guaiacol conversion and phenol selectivity.

Supported gold catalysts in this system have attracted con-
siderable attention because of their high selectivity to aromatic
compounds and low hydrogenation/hydrogenolysis activity.
A high selectivity to phenolics (87.1 %) was obtained over Au/
TiO2, owing to its poor hydrogenation performance, enabling
the retaining of phenolic hydroxy groups with strong bond
energy and aromatic ring.[36a, 75d] After introducing Rh into the
Au catalyst by nanoalloying, the total hydrodeoxygenation of
guaiacol to cyclohexane dominates over removal of the me-
thoxy groups to afford phenol, giving a high selectivity to cy-
clohexane.[76] The particle size of Au only affects the reaction
activity, but not the product selectivity.[75d] However, size ef-
fects of metal nanoparticles, such as ruthenium, with stronger
hydrogenation activity than gold can not only affect the cata-
lytic activity, but also determine the distribution of the hydro-
deoxygenation products.[31c, 32b, 51a] The difference of size effect
between Ru and Au may be due to the distinction of their hy-
drogenation activity. Aside from the size effect of Au, its elec-
tronic effect also plays a crucial role in the efficient production
of phenolics from 4-propylguaiacol and the electron-rich Au
clusters on Au/Nb2O5 can promote hydrogen dissociation, re-
sulting in high hydrodeoxygenation performance.[31e] Very re-
cently, Ag/TiO2 was found to promote H2 dissociation and hy-
drogen spillover onto the TiO2 surface. The spillover hydrogen
can reduce the TiO2 surface to create oxygen vacancy as the
active site of hydrodeoxygenation, giving an efficient per-
formance for the selective conversion of guaiacol into phe-
nol.[48b, 77] Similar hydrogen spillover from Pt onto WOx/TiO2 also
plays a key role in the hydrogenolysis of cyclic ethers.[54d]

Table 2. Overview of the synthesis of phenols from lignin model compounds.

Feedstock Conv.
[%]

Catalyst Reaction conditions Major prod-
uct

Sel./yield
[%]

Ref.

guaiacol 100 CoMoS/ZrO2 partial pressure of guaiacol of 2.7 kPa, 300 8C, 4 MPa H2 phenol 60 (S) [75a]
guaiacol 98 MoO2/AC 0.035 g mL�1 in tetralin, 300 8C, 3 MPa H2, 3 h phenol 72 (S) [66a]
guaiacol �90 Au/TiO2 60 NmL m�1in, 300 8C, 6 h, 4 MPa H2, 2.7 KPa guaiacol phenol �70 (S) [76]
guaiacol 100 Au/TiO2 0.16 mol L�1 in toluene, 300 8C, 6.5 MPa H2, 700 rpm, 3 h. phenol 49.6 (Y) [75d]
guaiacol �75 Ag/TiO2 1.5/18.5 g g�1 in heptane, 300 8C, 3 MPa H2, 700 rpm, 3 h phenol �45 (Y) [77]
guaiacol 100 Ni&TiO2 0.048 g mL�1 in decane, 300 8C, 4 MPa H2, 500 rpm, 6 h phenol �85 (Y) [78]
2-methoxy-4-propyl-
phenol

100 Au/Nb2O5 5 % g mL�1 in water, 300 8C, 8 h, 6.5 MPa H2 propylphenol 84.2 (Y) [31e]

vanillin 100 ZnO/Co@N-
CNTs

250/30 mg mL�1 in water, 300 8C, 6 h, 5 MPa H2 p-cresol 82.2 (S) [79]

4-propylguaiacol �65 Au/TiO2

+ HZMS-5
10 % g mL�1 in benzene, 350 8C, 2 h, MPa H2 phenol �60 (Y) [80]

2-methoxy-4-propyl-
phenol

�100 Pt/C + HZMS-
5

Feedstock injection rate 240 mL h�1, water injection rate 240 mL h�1, H2 flow

rate 10 mL min�1, 375 8C
phenol 60 (Y) [81]

Scheme 2. Reaction pathways for the conversion of guaiacol into phenol.
Reprinted from Ref. [36a] with permission from Elsevier.
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3.2.3. Roles of Supports

Further to the hydrogenation activity, size and electronic ef-
fects, and resulting hydrogen spillover from metals, supports
(generally metal oxides) also play crucial roles in phenol pro-
duction from guaiacol.[31e, 78] For example, the active sites
formed through the strong interaction between Ni and the
surface of anatase TiO2 favor selective transformation of guaia-
col into phenolic compounds.[78] However, this specific interac-
tion was not found between Ni and other supports such as
ZrO2, Al2O3, rutile TiO2, and CeO2.[78] In addition, Nb2O5 is also a
promising support for the selective conversion of lignin oil
into phenolics because of its unique oxygen affinity to cleave
the C�O bond and excellent acid properties to promote hydro-
lysis.[31e] In short, maximizing guaiacol conversion and phenol
selectivity can be achieved through the design of the above
efficient catalysts, based on the deep understanding on how
the bifunctional interfaces (metal mixed with acid sites with
strong oxygen affinity) catalyze guaiacol conversion.

3.2.4. Effects of the reaction medium

In addition to catalysts, reaction media also play an important
role in phenol production.[84] For example, when toluene is
used as solvent, some undesirable transmethylation products
were formed, leading to low phenol selectivity,[75d] whereas in
water the transmethylation reaction was markedly prevented,
owing to the quenching effect on positive charges.[31e] Interest-
ingly, when low-value benzene was used as the reaction
medium and a mixture of Au/TiO2 and HZSM-5 as catalysts, the
alkyl groups can be transferred to benzene instead of phenol,
giving value-added alkylbenzenes, which is ascribed to inti-
mate contact between Au/TiO2 and HZSM-5.[80]

3.2.5. Cleavage of the alkyl group

After removing methoxy groups, the selective cleavage of the
alkyl group in lignin-derived alkylphenols becomes the final
hurdle to obtain phenol. Acidic ZSM-5 zeolites were identified
as suitable catalysts for the removal of the alkyl group.[80, 81, 85]

Among a series of acidic materials, such as g-Al2O3, ferrierite,
ZSM-22, ZSM-5, zeolite beta, and USY, ZSM-5 showed clearly
superior dealkylation performance, which originates from an
effect of shape selectivity, resulting in significant suppression
of disproportionation/transalkylation.[85a, b] In addition, the pres-
ence of water is beneficial for ZSM-5 stability as the competi-
tive adsorption of water and phenol enables to sweep phenol
from the catalyst.[85a,c] Recently, Yan and co-workers reported
the single-step conversion of lignin monomers into phenol
through combining the two catalysts, namely Pt/C and H-ZSM-
5 together to simultaneously break the C�O bond of the me-
thoxy groups and the C�C bond of the alkyl group, but the
deactivation of the dealkylation catalyst limits its application.[81]

The development of efficient and stable multifunctional cata-
lysts to integrate demethoxylation and dealkylation in a single
step is therefore required to avoid multistep processes and
complex separations.

In contrast to the above demethoxylation–dealkylation
route, Wang and co-workers[28c] communicated a strategy to
produce phenol from lignin through oxidative Ca�Cb bond
cleavage to acids and subsequent decarboxylation (Scheme 3).
This strategy is also capable of converting raw biomass sour-
ces, such as poplar, birch, pine, peanut, bamboo, willow, and
straw, into phenol.

3.3. Other chemicals from lignin

Although the production of arenes, cycloalkanes, and phenol
from lignin is the main direction for upgrading lignin-derived
monomers, the synthesis of other value-added chemicals, such
as ethylbenzene, indane, terephthalic acid, diethyl maleate,
acetic acid, and methyl-substituted amines, has received grad-
ually increasing attention in the last two years and becomes a
new research hotspot.[17b, 31a, 51a, 86] When targeting ethylbenzene
and indane, attention should be paid to modification of the
aforementioned Ru-based catalysts.[31a, 51a] For the production
of terephthalic acid, the development of a stepwise system is
promising.[86f] Through selective utilization of the methoxy
groups in lignin, acetic acid and methyl-substituted amines
can be obtained.[86g,h] Routes to these chemicals will be dis-
cussed in detail in this section.

Ethylbenzene is an intermediate in the process of styrene
production and its catalytic production from lignin can be real-
ized in two steps, including Re�Y/HZSM-5-catalyzed hydro-
deoxygenation of lignin to aromatic monomers (mainly ben-
zene) and the subsequent alkylation of aromatic monomers
with ethanol to afford ethylbenzene.[86e] However, the removal
and reintroduction of alkyl groups may be a less-than-optimal
pathway. Direct utilization of the inherent alkyl groups is more
desirable for the production of ethylbenzene from lignin. In
this respect, integrating dehydrogenative decarbonylation of
the terminal hydroxypropyl groups and hydrodeoxygenation
may prove a better route to ethylbenzene production. As dis-
cussed in the above section on arene production, the design
of modified Ti-, Nb-, and Mo-based catalysts should be consid-
ered for the catalytic synthesis of ethylbenzene. For example,
by introducing FeOx species into Ru/Nb2O5, ethylbenzene can
be selectively obtained from birch lignin oil by dehydrogena-
tive decarbonylation and sequential hydrodeoxygenation.[87] It
was found that FeOx not only triggered the dehydrogenative
decarbonylation through weakening the catalyst’s activity for

Scheme 3. Production of phenol from lignin by an oxidation–hydrogenation
route. Reprinted from Ref. [28c] with permission from the American Chemi-
cal Society.
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direct hydrogenolysis of terminal hydroxypropyl groups, but
also created more oxygen vacancies (NbOX species), thus favor-
ing the removal of phenolic hydroxy groups.[87]

Indane and its derivatives can serve as important drug mole-
cules and high-quality transportation fuels and their selective
preparation from lignin is of increasing interest.[51a, 86a–d] Weak-
ening the hydrogenolysis activity of metal Ru through the
modification of CH2Cl2 slows down the hydrogenolysis reaction
of lignin-derived monomers and accelerates the intramolecular
Friedel–Crafts cyclization, affording a high selectivity of indane
and its derivatives.[51a] Similarly, designing other strategies to
weaken the hydrogenolysis activity of Ru may be promising to
this end. In addition, indane and its derivatives have also been
obtained through the transformation of cinnamaldehyde, but
the detailed cyclization mechanism has not been disclosed to
date.[86a]

Terephthalic acid is an important monomer of polyethylene
terephthalate (PET) plastic and developing renewable strat-
egies to produce terephthalic acid from biomass has attracted
significant attention. Tandem Diels–Alder reaction and dehy-
dration of biomass-derived 2,5-dimethlyfuran with ethylene to
synthesize p-xylene, a precursor for terephthalic acid, has been
intensively reported over the past decade.[88] Besides this, a
stepwise system involving demethoxylation, carbonylation,
and oxidation was designed to synthesize terephthalic acid
from lignin-derived monomers.[86f] The precipitation of solid
terephthalic acid from the final reaction solution avoids the
subsequent purification, giving a tangible strategy for further
application. Inspired by this idea, developing stepwise systems
to prepare other value-added chemicals from lignin must be
taken into consideration.

The production of the above aromatic chemicals focused on
the aromatic rings. The utilization of methoxy groups, another
abundant functional group in lignin, appears to be starting to
develop. For example, water and CO as co-reactants react with
the methoxy groups of lignin to produce acetic acid.[86g] Aniline
compounds have also shown great potential to capture the
methoxy group of lignin to synthesize methyl-substituted ami-
nes.[86h] After reaction, the solid residual lignin, which is rich in
hydroxy groups, may have specific applications in the fields of
catalyst and materials,[86g,h] and the development of its subse-
quent utilization is therefore required to promote energy con-
servation.

Besides the above chemicals, lignin and its derivative mono-
mers can also be used to produce polymers, such as phenolic
resins, epoxy resins, polyesters, and polyurethanes, and com-
pounds with pharmacological activity through selective func-
tionalization and defunctionalization.[89] For a more elaborate
discussion on the polymers and compounds with pharmaco-
logical activity from lignin, the reader is referred to a dedicated
review on this topic.[4d]

4. Summary and Outlook

Efficient conversion of renewable lignin into valuable chemicals
and fuels according to the guiding principles of green chemis-
try is of great significance to solve the energy crisis and miti-

gate global warming. Lignin depolymerization and the upgrad-
ing of lignin-derived monomers form two of the foremost di-
rections of this research. In these two respects, the reactions
involving hydrogen are considered core content, presenting
not only a long-term challenge, but also a huge opportunity.
In this Review, recent developments on the reductive conver-
sion of lignin into chemicals and fuels are discussed, with an
emphasis on the reductive depolymerization and upgrading of
lignin-derived monomers to three important products (arenes,
cycloalkanes and phenol). In addition, several promising strat-
egies for the preparation of fine chemicals are simply intro-
duced to inspire readers.

Based on the recent results in catalytic transformations in-
volving hydrogen discussed herein, we would like to highlight
the following issues for future consideration. a) Developing
catalytic hydrogen transfer reactions with biomass-derived al-
cohols and acids as hydrogen sources instead of hydrogen gas
is highly desired to reduce transportation and storage costs. In
addition, lignin is rich in hydroxy groups and could be used as
a hydrogen donor. The design of a unique hydrogen transfer
system using lignin as a hydrogen source will pave a way to
realizing “self-production”. b) Modifying native lignin through
chemical pretreatments (e.g. , pre-oxidation and formaldehyde
stabilization) to weaken the hydrogen bond energy in lignin
and avoid repolymerization is favorable for the following trans-
formation. c) As mentioned above, water is widely used as a
green solvent in the production of arenes, cycloalkanes, and
phenol. However, only a few solid catalysts retain high activity
and stability in aqueous conditions. The exploitation of water-
tolerant catalysts is hence of crucial importance for lignin val-
orization. d) The problem of contact between lignin feedstocks
and the solid catalyst limited the reaction rate, owing to the
heterogeneous and robust structure of lignin. Developing ver-
satile ionic liquids and organic solvents to dissolve lignin is
thus highly desired. As another alternative, the preparation of
catalysts that have more active sites and suitable pore struc-
ture to promote mass transfer is believed to be beneficial to
address the solid–solid contact problem. e) The adjustment
and modification of catalysts can contribute to varying the
product distribution, especially for pathway-sensitive systems,
such as those for indane and ethylbenzene synthesis. Develop-
ing similar systems by adjusting and modifying active sites will
open new perspectives for lignin utilization. f) In most process-
es, lignin hydrogenolysis proceeds via cleavage of the C�O
bond to afford low-molecular-weight monomers, but the inter-
unit C�C bonds with higher dissociation energy are not
cleaved. Because of the presence of stable interunit C�C
bonds within native lignin or those formed during lignin ex-
traction, the yields of lignin monomers are seriously limited.
Designing high-efficiency catalytic systems that can conduct
cleavage of both interunit C�C and C�O linkages is believed
to mitigate the limitations on lignin monomer production.

ChemSusChem 2020, 13, 1 – 19 www.chemsuschem.org � 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim15 &

These are not the final page numbers! ��These are not the final page numbers! ��

Reviews

http://www.chemsuschem.org


Acknowledgements

This work was supported financially by the NSFC of China (No.
21832002, 21872050, and 21808063), the Fundamental Research
Funds for the Central Universities (222201718003,
50321101917022), the Science and Technology Commission of
Shanghai Municipality (18ZR1408500, 10dz2220500) and “Zhang
Jiangshu’’ excellent Ph.D. Scheme of ECUST.

Conflict of interest

The authors declare no conflict of interest.

Keywords: aromatics · biomass · heterogeneous catalysis ·
hydrodeoxygenation · lignin

[1] A. J. Ragauskas, C. K. Williams, B. H. Davison, G. Britovsek, J. Cairney,
C. A. Eckert, W. J. Frederick, J. P. Hallett, D. J. Leak, C. L. Liotta, J. R. Mie-
lenz, R. Murphy, R. Templer, T. Tschaplinski, Science 2006, 311, 484 – 489.

[2] a) Y. Y. Tye, K. T. Lee, W. N. W. Abdullah, C. P. Leh, Renewable Sustainable
Energy Rev. 2016, 60, 155 – 172; b) G. W. Huber, S. Iborra, A. Corma,
Chem. Rev. 2006, 106, 4044 – 4098; c) A. Corma, S. Iborra, A. Velty, Chem.
Rev. 2007, 107, 2411 – 2502; d) Y. Jing, Y. Guo, Q. Xia, X. Liu, Y. Wang,
Chem 2019, 5, 2520 – 2546.

[3] a) J. C. Colmenares, R. S. Varma, V. Nair, Chem. Soc. Rev. 2017, 46, 6675 –
6686; b) C. Li, X. Zhao, A. Wang, G. W. Huber, T. Zhang, Chem. Rev. 2015,
115, 11559 – 11624; c) Y. Jing, Q. Xia, J. Xie, X. Liu, Y. Guo, J.-J. Zou, Y.
Wang, ACS Catal. 2018, 8, 3280 – 3285; d) M. Wang, F. Wang, Adv. Mater.
2019, 31, 1901866.

[4] a) W. Schutyser, T. Renders, S. Van den Bosch, S. F. Koelewijn, G. T. Beck-
ham, B. F. Sels, Chem. Soc. Rev. 2018, 47, 852 – 908; b) C. P. Xu, R. A. D.
Arancon, J. Labidi, R. Luque, Chem. Soc. Rev. 2014, 43, 7485 – 7500; c) Z.
Zhang, J. Song, B. Han, Chem. Rev. 2017, 117, 6834 – 6880; d) Z. H. Sun,
B. Fridrich, A. de Santi, S. Elangovan, K. Barta, Chem. Rev. 2018, 118,
614 – 678.

[5] a) L. Shuai, M. T. Amiri, Y. M. Questell-Santiago, F. H�roguel, Y. Li, H. Kim,
R. Meilan, C. Chapple, J. Ralph, J. S. Luterbacher, Science 2016, 354,
329 – 333; b) X. Wu, X. Fan, S. Xie, J. Lin, J. Cheng, Q. Zhang, L. Chen, Y.
Wang, Nat. Catal. 2018, 1, 772 – 780; c) M. Saidi, F. Samimi, D. Karimi-
pourfard, T. Nimmanwudipong, B. C. Gates, M. R. Rahimpour, Energy En-
viron. Sci. 2014, 7, 103 – 129; d) A. J. Ragauskas, G. T. Beckham, M. J.
Biddy, R. Chandra, F. Chen, M. F. Davis, B. H. Davison, R. A. Dixon, P.
Gilna, M. Keller, P. Langan, A. K. Naskar, J. N. Saddler, T. J. Tschaplinski,
G. A. Tuskan, C. E. Wyman, Science 2014, 344, 1246843; e) A. J. Ragaus-
kas, C. G. Yoo, Front. Energy Res. 2018, 6, 118.

[6] C. Chio, M. Sain, W. Qin, Renewable Sustainable Energy Rev. 2019, 107,
232 – 249.

[7] R. A. Sheldon, Green Chem. 2014, 16, 950 – 963.
[8] a) G. Nicola, P. Yunqiao, J. R. Arthur, L. Martin, Green Chem. 2019, 21,

1573 – 1595; b) S. Gillet, M. Aguedo, L. Petitjean, A. R. C. Morais, A. M. da
Costa Lopes, R. M. Łukasik, P. T. Anastas, Green Chem. 2017, 19, 4200 –
4233; c) M. V. Galkin, J. S. M. Samec, ChemSusChem 2016, 9, 1544 – 1558.

[9] a) R. Rinaldi, R. Jastrzebski, M. T. Clough, J. Ralph, M. Kennema, P. C. A.
Bruijnincx, B. M. Weckhuysen, Angew. Chem. Int. Ed. 2016, 55, 8164 –
8215; Angew. Chem. 2016, 128, 8296 – 8354; b) N. Yan, C. Zhao, P. J.
Dyson, C. Wang, L. Liu, Y. Kou, ChemSusChem 2008, 1, 626 – 629.

[10] A. Das, B. Kçnig, Green Chem. 2018, 20, 4844 – 4852.
[11] a) F. S. Chakar, A. J. Ragauskas, Ind. Crops Prod. 2004, 20, 131 – 141; b) J.-

M. Lavoie, W. Bare, M. Bilodeau, Bioresour. Technol. 2011, 102, 4917 –
4920; c) T. Renders, W. Schutyser, S. Van den Bosch, S.-F. Koelewijn, T.
Vangeel, C. M. Courtin, B. F. Sels, ACS Catal. 2016, 6, 2055 – 2066.

[12] a) P. J. Deuss, M. Scott, F. Tran, N. J. Westwood, J. G. de Vries, K. Barta, J.
Am. Chem. Soc. 2015, 137, 7456 – 7467; b) A. K. Deepa, P. L. Dhepe, ACS
Catal. 2015, 5, 365 – 379; c) M. R. Sturgeon, S. Kim, K. Lawrence, R. S.
Paton, S. C. Chmely, M. Nimlos, T. D. Foust, G. T. Beckham, ACS Sustain-
able Chem. Eng. 2014, 2, 472 – 485.

[13] a) P. C. R. Pinto, E. A. B. Silva, A. E. Rodrigues, Ind. Eng. Chem. Res. 2011,
50, 741 – 748; b) M. Wang, J. Lu, X. Zhang, L. Li, H. Li, N. Luo, F. Wang,
ACS Catal. 2016, 6, 6086 – 6090; c) J. Mottweiler, M. Puche, C. Rauber, T.
Schmidt, P. Concepcion, A. Corma, C. Bolm, ChemSusChem 2015, 8,
2106 – 2113; d) A. Rahimi, A. Azarpira, H. Kim, J. Ralph, S. S. Stahl, J. Am.
Chem. Soc. 2013, 135, 6415 – 6418.

[14] S. Van den Bosch, W. Schutyser, S. F. Koelewijn, T. Renders, C. M. Courtin,
B. F. Sels, Chem. Commun. 2015, 51, 13158 – 13161.

[15] a) O. Jan, R. Marchand, L. C. A. Anjos, G. V. S. Seufitelli, E. Nikolla, F. L. P.
Resende, Energy Fuels 2015, 29, 1793 – 1800; b) Z. Q. Ma, A. Ghosh, N.
Asthana, J. van Bokhoven, ChemCatChem 2017, 9, 954 – 961; c) G. W.
Huber, A. Corma, Angew. Chem. Int. Ed. 2007, 46, 7184 – 7201; Angew.
Chem. 2007, 119, 7320 – 7338; d) K. L. Deutsch, B. H. Shanks, Appl. Catal.
A 2012, 447, 144 – 150; e) P. R. Patwardhan, R. C. Brown, B. H. Shanks,
ChemSusChem 2011, 4, 1629 – 1636; f) D. A. Ruddy, J. A. Schaidle, J. R.
Ferrell III, J. Wang, L. Moens, J. E. Hensley, Green Chem. 2014, 16, 454 –
490; g) X. Bai, K. H. Kim, R. C. Brown, E. Dalluge, C. Hutchinson, Y. J. Lee,
D. Dalluge, Fuel 2014, 128, 170 – 179; h) K. Wang, K. H. Kim, R. C. Brown,
Green Chem. 2014, 16, 727 – 735.

[16] a) N. Luo, M. Wang, H. Li, J. Zhang, H. Liu, F. Wang, ACS Catal. 2016, 6,
7716 – 7721; b) J. D. Nguyen, B. S. Matsuura, C. R. Stephenson, J. Am.
Chem. Soc. 2014, 136, 1218 – 1221.

[17] a) Y. Li, L. Shuai, H. Kim, A. H. MOTAGamwala, J. K. Mobley, F. Yue, Y. To-
bimatsu, D. Havkin-Frenkel, F. Chen, R. A. Dixon, J. S. Luterbacher, J. A.
Dumesic, J. Ralph, Sci. Adv. 2018, 4, eaau2968; b) Z. Li, Z. Cai, Q. Zeng, T.
Zhang, L. J. France, C. Song, Y. Zhang, H. He, L. Jiang, J. Long, X. Li,
Green Chem. 2018, 20, 3743 – 3752.

[18] a) K. M. torr, D. J. van de Pas, E. Cazeils, I. D. Suckling, Bioresour. Technol.
2011, 102, 7608 – 7611; b) T. H. Parsell, B. C. Owen, I. Klein, T. M. Jarrell,
C. L. Marcum, L. J. Haupert, L. M. Amundson, H. I. Kenttamaa, F. Ribeiro,
J. T. Miller, M. M. Abu-Omar, Chem. Sci. 2013, 4, 806 – 813; c) X. Huang, J.
Zhu, T. I. Koranyi, M. D. Boot, E. J. Hensen, ChemSusChem 2016, 9,
3262 – 3267; d) X. Huang, O. M. M. Gonzalez, J. Zhu, T. I. Kor�nyi, M. D.
Bootb, E. J. M. Hensen, Green Chem. 2017, 19, 175 – 187; e) K.-K. Sun, G.-
P. Lu, J.-W. Zhang, C. Cai, Dalton Trans. 2017, 46, 11884 – 11889.

[19] a) H. Li, G. Song, ACS Catal. 2019, 9, 4054 – 4064; b) M. Verziu, A. Tirsoa-
ga, B. Cojocaru, C. Bucur, B. Tudora, A. Richel, M. Aguedo, A. Samikannu,
J. P. Mikkola, Mol. Catal. 2018, 450, 65 – 76; c) N. Ullah, A. H. Odda, K.
Liang, M. A. Kombo, S. Sahar, L.-B. Ma, X.-X. Fang, A.-W. Xu, Green Chem.
2019, 21, 2739 – 2751.

[20] S. Van den Bosch, W. Schutyser, R. Vanholme, T. Driessen, S. F. Koelewijn,
T. Renders, B. De Meester, W. J. J. Huijgen, W. Dehaen, C. M. Courtin, B.
Lagrain, W. Boerjan, B. F. Sels, Energy Environ. Sci. 2015, 8, 1748 – 1763.

[21] a) F. Gao, J. D. Webb, J. F. Hartwig, Angew. Chem. Int. Ed. 2016, 55,
1474 – 1478; Angew. Chem. 2016, 128, 1496 – 1500; b) Q. Song, F. Wang,
J. Cai, Y. Wang, J. Zhang, W. Yu, J. Xu, Energy Environ. Sci. 2013, 6, 994 –
1007; c) Q. Song, F. Wang, J. Xu, Chem. Commun. 2012, 48, 7019 – 7021;
d) J. He, C. Zhao, J. A. Lercher, J. Am. Chem. Soc. 2012, 134, 20768 –
20775.

[22] H. Ma, H. Li, W. Zhao, L. Li, S. Liu, J. Long, X. Li, Green Chem. 2019, 21,
658 – 668.

[23] a) S. Zhang, L. Su, L. Liu, G. Fang, Ind. Crops Prod. 2015, 77, 451 – 457;
b) B. Zhang, Z. Qi, X. Li, J. Ji, W. Luo, C. Li, A. Wang, T. Zhang, ACS Sus-
tainable Chem. Eng. 2019, 7, 208 – 215; c) W. Song, S. Zhou, S. Hu, W.
Lai, Y. Lian, J. Wang, W. Yang, M. Wang, P. Wang, X. Jiang, ACS Catal.
2019, 9, 259 – 268; d) B. Joffres, M. T. Nguyen, D. Laurenti, C. Lorentz, V.
Souchon, N. Charon, A. Daudin, A. Qignard, C. Geantet, Appl. Catal. B
2016, 184, 153 – 162.

[24] a) K. Barta, T. D. Matson, M. L. Fettig, S. L. Scott, A. V. Iretskii, P. C. Ford,
Green Chem. 2010, 12, 1640 – 1647; b) T. D. Matson, K. Barta, A. V. Iretskii,
P. C. Ford, J. Am. Chem. Soc. 2011, 133, 14090 – 14097.

[25] a) X. Wang, R. Rinaldi, Angew. Chem. Int. Ed. 2013, 52, 11499 – 11503;
Angew. Chem. 2013, 125, 11713 – 11717; b) P. Ferrini, R. Rinaldi, Angew.
Chem. Int. Ed. 2014, 53, 8634 – 8639; Angew. Chem. 2014, 126, 8778 –
8783.

[26] S. O. Limarta, J.-M. Ha, Y.-K. Park, H. Lee, D. J. Suh, J. Jae, J. Ind. Eng.
Chem. 2018, 57, 45 – 54.

[27] Y. Liu, C. Li, W. Miao, W. Tang, D. Xue, C. Li, B. Zhang, J. Xiao, A. Wang, T.
Zhang, C. Wang, ACS Catal. 2019, 9, 4441 – 4447.

[28] a) A. Rahimi, A. Ulbrich, J. J. Coon, S. S. Stahl, Nature 2014, 515, 249 –
252; b) C. Zhang, H. Li, J. Lu, X. Zhang, K. E. MacArthur, M. Heggen, F.

ChemSusChem 2020, 13, 1 – 19 www.chemsuschem.org � 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim16&

�� These are not the final page numbers!�� These are not the final page numbers!

Reviews

https://doi.org/10.1126/science.1114736
https://doi.org/10.1126/science.1114736
https://doi.org/10.1126/science.1114736
https://doi.org/10.1016/j.rser.2016.01.072
https://doi.org/10.1016/j.rser.2016.01.072
https://doi.org/10.1016/j.rser.2016.01.072
https://doi.org/10.1016/j.rser.2016.01.072
https://doi.org/10.1021/cr068360d
https://doi.org/10.1021/cr068360d
https://doi.org/10.1021/cr068360d
https://doi.org/10.1021/cr050989d
https://doi.org/10.1021/cr050989d
https://doi.org/10.1021/cr050989d
https://doi.org/10.1021/cr050989d
https://doi.org/10.1016/j.chempr.2019.05.022
https://doi.org/10.1016/j.chempr.2019.05.022
https://doi.org/10.1016/j.chempr.2019.05.022
https://doi.org/10.1039/C7CS00257B
https://doi.org/10.1039/C7CS00257B
https://doi.org/10.1039/C7CS00257B
https://doi.org/10.1021/acs.chemrev.5b00155
https://doi.org/10.1021/acs.chemrev.5b00155
https://doi.org/10.1021/acs.chemrev.5b00155
https://doi.org/10.1021/acs.chemrev.5b00155
https://doi.org/10.1021/acscatal.8b00071
https://doi.org/10.1021/acscatal.8b00071
https://doi.org/10.1021/acscatal.8b00071
https://doi.org/10.1002/adma.201901866
https://doi.org/10.1002/adma.201901866
https://doi.org/10.1039/C7CS00566K
https://doi.org/10.1039/C7CS00566K
https://doi.org/10.1039/C7CS00566K
https://doi.org/10.1039/C4CS00235K
https://doi.org/10.1039/C4CS00235K
https://doi.org/10.1039/C4CS00235K
https://doi.org/10.1021/acs.chemrev.6b00457
https://doi.org/10.1021/acs.chemrev.6b00457
https://doi.org/10.1021/acs.chemrev.6b00457
https://doi.org/10.1021/acs.chemrev.7b00588
https://doi.org/10.1021/acs.chemrev.7b00588
https://doi.org/10.1021/acs.chemrev.7b00588
https://doi.org/10.1021/acs.chemrev.7b00588
https://doi.org/10.1126/science.aaf7810
https://doi.org/10.1126/science.aaf7810
https://doi.org/10.1126/science.aaf7810
https://doi.org/10.1126/science.aaf7810
https://doi.org/10.1038/s41929-018-0148-8
https://doi.org/10.1038/s41929-018-0148-8
https://doi.org/10.1038/s41929-018-0148-8
https://doi.org/10.1039/C3EE43081B
https://doi.org/10.1039/C3EE43081B
https://doi.org/10.1039/C3EE43081B
https://doi.org/10.1039/C3EE43081B
https://doi.org/10.1126/science.1246843
https://doi.org/10.1016/j.rser.2019.03.008
https://doi.org/10.1016/j.rser.2019.03.008
https://doi.org/10.1016/j.rser.2019.03.008
https://doi.org/10.1016/j.rser.2019.03.008
https://doi.org/10.1039/C3GC41935E
https://doi.org/10.1039/C3GC41935E
https://doi.org/10.1039/C3GC41935E
https://doi.org/10.1039/C7GC01479A
https://doi.org/10.1039/C7GC01479A
https://doi.org/10.1039/C7GC01479A
https://doi.org/10.1002/cssc.201600237
https://doi.org/10.1002/cssc.201600237
https://doi.org/10.1002/cssc.201600237
https://doi.org/10.1002/anie.201510351
https://doi.org/10.1002/anie.201510351
https://doi.org/10.1002/anie.201510351
https://doi.org/10.1002/ange.201510351
https://doi.org/10.1002/ange.201510351
https://doi.org/10.1002/ange.201510351
https://doi.org/10.1002/cssc.200800080
https://doi.org/10.1002/cssc.200800080
https://doi.org/10.1002/cssc.200800080
https://doi.org/10.1039/C8GC02073F
https://doi.org/10.1039/C8GC02073F
https://doi.org/10.1039/C8GC02073F
https://doi.org/10.1016/j.indcrop.2004.04.016
https://doi.org/10.1016/j.indcrop.2004.04.016
https://doi.org/10.1016/j.indcrop.2004.04.016
https://doi.org/10.1016/j.biortech.2011.01.010
https://doi.org/10.1016/j.biortech.2011.01.010
https://doi.org/10.1016/j.biortech.2011.01.010
https://doi.org/10.1021/acscatal.5b02906
https://doi.org/10.1021/acscatal.5b02906
https://doi.org/10.1021/acscatal.5b02906
https://doi.org/10.1021/jacs.5b03693
https://doi.org/10.1021/jacs.5b03693
https://doi.org/10.1021/jacs.5b03693
https://doi.org/10.1021/jacs.5b03693
https://doi.org/10.1021/cs501371q
https://doi.org/10.1021/cs501371q
https://doi.org/10.1021/cs501371q
https://doi.org/10.1021/cs501371q
https://doi.org/10.1021/sc400384w
https://doi.org/10.1021/sc400384w
https://doi.org/10.1021/sc400384w
https://doi.org/10.1021/sc400384w
https://doi.org/10.1021/acscatal.6b02049
https://doi.org/10.1021/acscatal.6b02049
https://doi.org/10.1021/acscatal.6b02049
https://doi.org/10.1002/cssc.201500131
https://doi.org/10.1002/cssc.201500131
https://doi.org/10.1002/cssc.201500131
https://doi.org/10.1002/cssc.201500131
https://doi.org/10.1021/ja401793n
https://doi.org/10.1021/ja401793n
https://doi.org/10.1021/ja401793n
https://doi.org/10.1021/ja401793n
https://doi.org/10.1039/C5CC04025F
https://doi.org/10.1039/C5CC04025F
https://doi.org/10.1039/C5CC04025F
https://doi.org/10.1021/ef502779s
https://doi.org/10.1021/ef502779s
https://doi.org/10.1021/ef502779s
https://doi.org/10.1002/cctc.201601674
https://doi.org/10.1002/cctc.201601674
https://doi.org/10.1002/cctc.201601674
https://doi.org/10.1002/anie.200604504
https://doi.org/10.1002/anie.200604504
https://doi.org/10.1002/anie.200604504
https://doi.org/10.1002/ange.200604504
https://doi.org/10.1002/ange.200604504
https://doi.org/10.1002/ange.200604504
https://doi.org/10.1002/ange.200604504
https://doi.org/10.1016/j.apcata.2012.09.047
https://doi.org/10.1016/j.apcata.2012.09.047
https://doi.org/10.1016/j.apcata.2012.09.047
https://doi.org/10.1016/j.apcata.2012.09.047
https://doi.org/10.1002/cssc.201100133
https://doi.org/10.1002/cssc.201100133
https://doi.org/10.1002/cssc.201100133
https://doi.org/10.1039/C3GC41354C
https://doi.org/10.1039/C3GC41354C
https://doi.org/10.1039/C3GC41354C
https://doi.org/10.1016/j.fuel.2014.03.013
https://doi.org/10.1016/j.fuel.2014.03.013
https://doi.org/10.1016/j.fuel.2014.03.013
https://doi.org/10.1039/C3GC41288A
https://doi.org/10.1039/C3GC41288A
https://doi.org/10.1039/C3GC41288A
https://doi.org/10.1021/acscatal.6b02212
https://doi.org/10.1021/acscatal.6b02212
https://doi.org/10.1021/acscatal.6b02212
https://doi.org/10.1021/acscatal.6b02212
https://doi.org/10.1021/ja4113462
https://doi.org/10.1021/ja4113462
https://doi.org/10.1021/ja4113462
https://doi.org/10.1021/ja4113462
https://doi.org/10.1126/sciadv.aau2968
https://doi.org/10.1039/C8GC01252K
https://doi.org/10.1039/C8GC01252K
https://doi.org/10.1039/C8GC01252K
https://doi.org/10.1016/j.biortech.2011.05.040
https://doi.org/10.1016/j.biortech.2011.05.040
https://doi.org/10.1016/j.biortech.2011.05.040
https://doi.org/10.1016/j.biortech.2011.05.040
https://doi.org/10.1039/C2SC21657D
https://doi.org/10.1039/C2SC21657D
https://doi.org/10.1039/C2SC21657D
https://doi.org/10.1002/cssc.201601252
https://doi.org/10.1002/cssc.201601252
https://doi.org/10.1002/cssc.201601252
https://doi.org/10.1002/cssc.201601252
https://doi.org/10.1039/C6GC02962K
https://doi.org/10.1039/C6GC02962K
https://doi.org/10.1039/C6GC02962K
https://doi.org/10.1039/C7DT02498C
https://doi.org/10.1039/C7DT02498C
https://doi.org/10.1039/C7DT02498C
https://doi.org/10.1021/acscatal.9b00556
https://doi.org/10.1021/acscatal.9b00556
https://doi.org/10.1021/acscatal.9b00556
https://doi.org/10.1016/j.mcat.2018.03.004
https://doi.org/10.1016/j.mcat.2018.03.004
https://doi.org/10.1016/j.mcat.2018.03.004
https://doi.org/10.1039/C8GC03440K
https://doi.org/10.1039/C8GC03440K
https://doi.org/10.1039/C8GC03440K
https://doi.org/10.1039/C8GC03440K
https://doi.org/10.1039/C5EE00204D
https://doi.org/10.1039/C5EE00204D
https://doi.org/10.1039/C5EE00204D
https://doi.org/10.1002/anie.201509133
https://doi.org/10.1002/anie.201509133
https://doi.org/10.1002/anie.201509133
https://doi.org/10.1002/anie.201509133
https://doi.org/10.1002/ange.201509133
https://doi.org/10.1002/ange.201509133
https://doi.org/10.1002/ange.201509133
https://doi.org/10.1039/c2ee23741e
https://doi.org/10.1039/c2ee23741e
https://doi.org/10.1039/c2ee23741e
https://doi.org/10.1039/c2cc31414b
https://doi.org/10.1039/c2cc31414b
https://doi.org/10.1039/c2cc31414b
https://doi.org/10.1021/ja309915e
https://doi.org/10.1021/ja309915e
https://doi.org/10.1021/ja309915e
https://doi.org/10.1039/C8GC03617A
https://doi.org/10.1039/C8GC03617A
https://doi.org/10.1039/C8GC03617A
https://doi.org/10.1039/C8GC03617A
https://doi.org/10.1016/j.indcrop.2015.07.039
https://doi.org/10.1016/j.indcrop.2015.07.039
https://doi.org/10.1016/j.indcrop.2015.07.039
https://doi.org/10.1021/acssuschemeng.8b02929
https://doi.org/10.1021/acssuschemeng.8b02929
https://doi.org/10.1021/acssuschemeng.8b02929
https://doi.org/10.1021/acssuschemeng.8b02929
https://doi.org/10.1021/acscatal.8b03402
https://doi.org/10.1021/acscatal.8b03402
https://doi.org/10.1021/acscatal.8b03402
https://doi.org/10.1021/acscatal.8b03402
https://doi.org/10.1016/j.apcatb.2015.11.005
https://doi.org/10.1016/j.apcatb.2015.11.005
https://doi.org/10.1016/j.apcatb.2015.11.005
https://doi.org/10.1016/j.apcatb.2015.11.005
https://doi.org/10.1039/c0gc00181c
https://doi.org/10.1039/c0gc00181c
https://doi.org/10.1039/c0gc00181c
https://doi.org/10.1021/ja205436c
https://doi.org/10.1021/ja205436c
https://doi.org/10.1021/ja205436c
https://doi.org/10.1002/anie.201304776
https://doi.org/10.1002/anie.201304776
https://doi.org/10.1002/anie.201304776
https://doi.org/10.1002/ange.201304776
https://doi.org/10.1002/ange.201304776
https://doi.org/10.1002/ange.201304776
https://doi.org/10.1002/anie.201403747
https://doi.org/10.1002/anie.201403747
https://doi.org/10.1002/anie.201403747
https://doi.org/10.1002/anie.201403747
https://doi.org/10.1002/ange.201403747
https://doi.org/10.1002/ange.201403747
https://doi.org/10.1002/ange.201403747
https://doi.org/10.1016/j.jiec.2017.08.006
https://doi.org/10.1016/j.jiec.2017.08.006
https://doi.org/10.1016/j.jiec.2017.08.006
https://doi.org/10.1016/j.jiec.2017.08.006
https://doi.org/10.1021/acscatal.9b00669
https://doi.org/10.1021/acscatal.9b00669
https://doi.org/10.1021/acscatal.9b00669
https://doi.org/10.1038/nature13867
https://doi.org/10.1038/nature13867
https://doi.org/10.1038/nature13867
http://www.chemsuschem.org


Wang, ACS Catal. 2017, 7, 3419 – 3429; c) M. Wang, M. Liu, H. Li, Z.
Zhao, X. Zhang, F. Wang, ACS Catal. 2018, 8, 6837 – 6843; d) M. Wang, X.
Zhang, H. Li, J. Lu, M. Liu, F. Wang, ACS Catal. 2018, 8, 1614 – 1620.

[29] a) J. Chen, F. Lu, X. Si, X. Nie, J. Chen, R. Lu, J. Xu, ChemSusChem 2016,
9, 3353 – 3360; b) P. Che, F. Lu, X. Nie, Y. Huang, Y. Yang, F. Wang, J. Xu,
Chem. Commun. 2015, 51, 1077 – 1080.

[30] W. Lan, M. T. Amiri, C. M. Hunston, J. S. Luterbacher, Angew. Chem. Int.
Ed. 2018, 57, 1 – 6; Angew. Chem. 2018, 130, 1 – 1.

[31] a) Y. Shao, Q. Xia, L. Dong, X. Liu, X. Han, S. F. Parker, Y. Cheng, L. L.
Daemen, A. J. Ramirez-Cuesta, S. Yang, Y. Wang, Nat. Commun. 2017, 8,
16104; b) T. Guo, Q. Xia, Y. Shao, X. Liu, Y. Wang, Appl. Catal. A 2017,
547, 30 – 36; c) L. Dong, L.-L. Yin, Q. Xia, X. Liu, X.-Q. Gong, Y. Wang,
Catal. Sci. Technol. 2018, 8, 735 – 745; d) L. Dong, Y. Shao, X. Han, X. Liu,
Q. Xia, S. F. Parker, Y. Cheng, L. L. Daemen, A. J. Ramirez-Cuesta, Y. Wang,
S. Yang, Catal. Sci. Technol. 2018, 8, 6129 – 6136; e) L. Dong, Y. Xin, X.
Liu, Y. Guo, C.-W. Pao, J.-L. Chen, Y. Wang, Green Chem. 2019, 21, 3081 –
3090.

[32] a) Y. Xin, L. Dong, Y. Guo, X. Liu, Y. Hu, Y. Wang, J. Catal. 2019, 375, 202 –
212; b) D. Ma, S. Lu, X. Liu, Y. Guo, Y. Wang, Chin. J. Catal. 2019, 40,
609 – 617; c) L. Qi, Sci. Bull. 2017, 62, 1231 – 1232.

[33] L. Dong, L. F. Lin, X. Han, X. Q. Si, X. H. Liu, Y. Guo, F. Lu, S. Rudic, S. F.
Parker, S. H. Yang, Y. Q. Wang, Chem 2019, 5, 1521 – 1536.

[34] a) K. Murugappan, C. Mukarakate, S. Budhi, M. Shetty, M. R. Nimlos, Y.
Roman-Leshkov, Green Chem. 2016, 18, 5548 – 5557; b) A. M. Robinson,
J. E. Hensley, J. W. Medlin, ACS Catal. 2016, 6, 5026 – 5043; c) A. Robin-
son, G. A. Ferguson, J. R. Gallagher, S. Cheah, G. T. Beckham, J. A. Schai-
dle, J. E. Hensley, J. W. Medlin, ACS Catal. 2016, 6, 4356 – 4368.

[35] a) T. Prasomsri, M. Shetty, K. Murugappan, Y. Rom�n-Leshkov, Energy En-
viron. Sci. 2014, 7, 2660 – 2669; b) M. Shetty, K. Murugappan, T. Prasoms-
ri, W. H. Green, Y. Rom�n-Leshkov, J. Catal. 2015, 331, 86 – 97.

[36] a) X. Lan, E. J. M. Hensen, T. Weber, Appl. Catal. A 2018, 550, 57 – 66;
b) M. �. Gonz�lez-Borja, D. E. Resasco, Energy Fuels 2011, 25, 4155 –
4162; c) X. Zhang, W. Tang, Q. Zhang, T. Wang, L. Ma, Appl. Energy 2018,
227, 73 – 79; d) S. Kim, S. C. Chmely, M. R. Nimlos, Y. J. Bomble, T. D.
Foust, R. S. Paton, G. T. Beckham, J. Phys. Chem. Lett. 2011, 2, 2846 –
2852; e) R. Parthasarathi, R. A. Romero, A. Redondo, S. Gnanakaran, J.
Phys. Chem. Lett. 2011, 2, 2660 – 2666.

[37] A. Kloekhorst, H. J. Heeres, ACS Sustainable Chem. Eng. 2015, 3, 1905 –
1914.

[38] a) Y. Romero, F. Richard, S. Brunet, Appl. Catal. B 2010, 98, 213 – 223;
b) R. C. Nelson, B. Baek, P. Ruiz, B. Goundie, A. Brooks, M. C. Wheeler,
B. G. Frederick, L. C. Grabow, R. N. Austin, ACS Catal. 2015, 5, 6509 –
6523; c) H. Y. Zhao, D. Li, P. Bui, S. T. Oyama, Appl. Catal. A 2011, 391,
305 – 310; d) M. B. Griffin, G. A. Ferguson, D. A. Ruddy, M. J. Biddy, G. T.
Beckham, J. A. Schaidle, ACS Catal. 2016, 6, 2715 – 2727.

[39] Y. B. Huang, L. Yan, M. Y. Chen, Q. X. Guo, Y. Fu, Green Chem. 2015, 17,
3010 – 3017.

[40] a) J. M. Sun, A. M. Karim, H. Zhang, L. Kovarik, X. H. S. Li, A. J. Hensley,
J. S. McEwen, Y. Wang, J. Catal. 2013, 306, 47 – 57; b) C. Zhang, C. H. Jia,
Y. Cao, Y. Yao, S. Q. Xie, S. C. Zhang, H. F. Lin, Green Chem. 2019, 21,
1668 – 1679.

[41] a) A. J. R. Hensley, Y. Wang, J.-S. McEwen, ACS Catal. 2015, 5, 523 – 536;
b) Q. Tan, G. Wang, L. Nie, A. Dinse, C. Buda, J. Shabaker, D. E. Resasco,
ACS Catal. 2015, 5, 6271 – 6283.

[42] a) Z. C. Luo, Z. X. Zheng, Y. C. Wang, G. Sun, H. Jiang, C. Zhao, Green
Chem. 2016, 18, 5845 – 5858; b) Z. Luo, C. Zhao, Catal. Sci. Technol.
2016, 6, 3476 – 3484.

[43] a) V. O. O. GonÅalves, P. M. de Souza, V. T. da Silva, F. B. Noronha, F. Ri-
chard, Appl. Catal. B 2017, 205, 357 – 367; b) Y. Li, J. Fu, B. Chen, RSC
Adv. 2017, 7, 15272 – 15277; c) J. Chang, T. Danuthai, S. Dewiyanti, C.
Wang, A. Borgna, ChemCatChem 2013, 5, 3041 – 3049.

[44] a) A. Centeno, E. Laurent, B. Delmon, J. Catal. 1995, 154, 288 – 298; b) M.
Ferrari, R. Maggi, B. Delmon, P. Grange, J. Catal. 2001, 198, 47 – 55.

[45] Y. C. Lin, C. L. Li, H. P. Wan, H. T. Lee, C. F. Liu, Energy Fuels 2011, 25,
890 – 896.

[46] A. L. Jongerius, R. W. Gosselink, J. Dijkstra, J. H. Bitter, P. C. A. Bruijnincx,
B. M. Weckhuysen, ChemCatChem 2013, 5, 2964 – 2972.

[47] P. Sudarsanam, E. Peeters, E. V. Makshina, V. I. Parvulescu, B. F. Sels,
Chem. Soc. Rev. 2019, 48, 2366 – 2421.

[48] a) Y. Zeng, Z. Wang, W. Lin, W. Song, Chem. Eng. J. 2017, 320, 55 – 62;
b) T. Omotoso, S. Boonyasuwat, S. P. Crossley, Green Chem. 2014, 16,

645 – 652; c) T. N. Phan, Y.-K. Park, I.-G. Lee, C. H. Ko, Appl. Catal. A 2017,
544, 84 – 93; d) C. E. J. J. Vriamont, T. Chen, C. Romain, P. Corbett, P. Man-
ageracharath, J. Peet, C. M. Conifer, J. P. Hallett, G. J. P. Britovsek, ACS
Catal. 2019, 9, 2345 – 2354; e) A. Bjelić, M. Grilc, B. Likozar, Chem. Eng. J.
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Chemicals from Lignin: A Review of
Catalytic Conversion Involving
Hydrogen

Getting better with H : This Review
presents an insight into the catalytic
conversion of lignin involving hydrogen,
including reductive depolymerization
and hydrodeoxygenation of lignin-de-
rived monomers, with a focus on cata-

lyst systems and reaction mechanisms.
The roles of hydrogenation sites and
acid sites, strategies for the production
of other value-added chemicals, and
future opportunities within this attrac-
tive field are discussed.
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