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1. Introduction

Biomass is an important feedstock for the renewable
production of fuels, chemicals, and energy. As of 2005, over
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3% of the total energy consumption in the United States was
supplied by biomass, and it recently surpassed hydroelectric
energy as the largest domestic source of renewable energy.!
Similarly, the European Union received 66.1% of its renew-
able energy from biomass, which thus surpassed the total
combined contribution from hydropower, wind power, geo-
thermal energy, and solar power.? In addition to energy, the
production of chemicals from biomass is also essential;
indeed, the only renewable source of liquid transportation
fuels is currently obtained from biomass.'

With the depletion of fossil fuels as a source for fuels,
chemicals, and energy, the fraction of energy and chemicals
supplied by renewable resources such as biomass can be
expected to increase in the foreseeable future. Indeed, several
governments have recently passed legislation mandating
increases in the gross domestic energy and chemical produc-
tion from renewable resources, especially biomass. The U.S.
Department of Agriculture and U.S. Department of Energy
set ambitious goals to derive 20% of transportation fuels and
25% of U.S. chemical commodities from biomass by 2030.!
Similarly, in Europe, the Dutch Ministry of Economic Affairs
set goals to derive 30% of transportation fuels from biomass
and to have 20—45% of fossil-based raw materials substituted
by biomass by 2040.3 The European Union as a whole has
set a mandatory target of 20% for renewable energy’s share
of energy consumption by 2020 and a mandatory minimum
target of 10% for biofuels for all member states.* These goals
have contributed to the intensified interest in the development
of technology and processes for biomass valorization.
Fortunately, the worldwide production capabilities for renew-
able and sustainable biomass production are enormous. In
the United States alone, for example, over 370 million dry
tons and 1 billion dry tons of annual biomass are obtainable
from forest and agricultural lands, respectively, which can
be produced sustainably with relatively modest changes in
agricultural and forestry practices and land use.! Similarly
large biomass production capacity is available in Europe,
which could produce 190 million tons of oil equivalent
(Mtoe) of biomass by 2010 with possible increases up to
300 Mtoe by 2030.° The size of this production is sufficient
to supply virtually all of the raw materials now required for
the chemical industry.®

One particular opportunity to help reach the ambitious
goals established by the United States and European Union
arises from the development of lignin valorization processes.
Lignin is a natural amorphous polymer that acts as the
essential glue that gives plants their structural integrity. It is
a main constituent of lignocellulosic biomass (15—30% by
weight, 40% by energy),' together with cellulose and
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hemicelluloses; however, lignin has received little attention
relative to cellulose with regards to its valorization. For
example, as of 2004, the pulp and paper industry alone
produced 50 million tons of extracted lignin, yet the existing
markets for lignin products remain limited and focus on low
value products such as dispersing or binding agents. As a
result, only approximately 2% of the lignins available from
the pulp and paper industry are used commercially with the
remainder burned as a low value fuel.” Nevertheless, lignin
conversion has significant potential as a source for the
sustainable production of fuels and bulk chemicals.'® With
its unique structure and chemical properties, a wide variety
of bulk and fine chemicals, particularly aromatic compounds,
as well as fuels are potentially obtainable from lignin. Indeed,
lignin can be regarded as the major aromatic resource of the
bio-based economy.

Catalysis is regarded as a key enabling technology for
biomass conversion in general and for fulfilling the promise
of lignin valorization in particular. The chemical literature
on this topic is scattered, however, and focuses primarily
on engineering and biology aspects of lignin rather than
specifically on catalytic conversion or catalyst development,
which is essential for efficient and selective lignin valoriza-
tion processes.® As a result, the literature involving catalytic
lignin valorization is scarce. In addition, given the different
aims and focus, reports on catalytic lignin conversion involve
a wide range of conditions, solvents, catalysts, and model
compounds. To the best of our knowledge, a review unifying
the literature on catalytic lignin valorization is lacking;
indeed, previous reviews on biomass valorization have
focused almost exclusively on cellulose with often only a
paragraph devoted to lignin (see below).””!!' A general review
of chemical transformations of biomass by Corma and co-
workers focuses on chemical intermediate platforms derived
from saccharides, vegetable oils and animal fats, and
terpene:s.10 Miki-Arvela and co-workers, on the other hand,
recently published a review on the synthesis of fine and
specialty chemicals from wood and other biomass with a
focus primarily on products obtainable from cellulose.'! Most
relevant to lignin valorization, Amen-Chen and co-workers
published a review on the production of monomeric phenols
obtained by the mostly noncatalytic thermochemical conver-
sion of biomass.!?

The purpose of this paper is to provide a comprehensive
review of the catalytic lignin valorization literature. We
believe that such a review will provide a perspective that
would prompt the development of new catalysts and pro-
cesses to valorize lignin. The aim is therefore to present the
different approaches and strategies that have been reported
for catalytic lignin conversion with a focus on the manu-
facture of valuable and useful bulk and platform chemicals.
First, the reported lignin model compounds are introduced
and their use discussed in terms of the ability to understand
the lignin polymer as a whole and also to highlight possible
reactions of chemicals obtained during degradation of
processed lignin streams. Next, strategies for lignin dissolu-
tion are discussed. Finally, this review focuses on the
different strategies for catalytic lignin conversion. These
include, among others, (hydro)cracking, lignin reduction
reactions, used to make fuels or bulk aromatic and phenolic
compounds, and lignin oxidation reactions, used to make
functionalized aromatics for the production of fine chemicals.
We have concentrated our attention on those chemical routes
that employ a heterogeneous or homogeneous catalyst.
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Figure 1. Schematic representation of the location and structure
of lignin in lignocellulosic material. Adapted from Ritter.'®

Although high value applications of macromolecular (high
molecular weight) lignin are envisioned and include carbon
fibers, polymer modifiers (high-value additives in lignin
copolymers), adhesives, and resins (for formaldehyde-free
applications), we focus exclusively on the production of
value-added low molecular weight chemicals from lignin.
Lignin valorization by biotechnological means, that is,
through the enzymatic conversion/degradation of lignin or
related model compounds, falls beyond the scope of this
review."® In addition, the production or upgrading of bio-
oils and biofuels are excluded unless they specifically include
information on the conversion of lignin or relevant model
compounds.

2. Lignin Structure, Pretreatment, and Use in the
Biorefinery

Lignin constitutes one of the three major components of
lignocellulosic biomass, of which the other two components
consist of cellulose and hemicellulose.'* Lignin is a three-
dimensional amorphous polymer consisting of methoxylated
phenylpropane structures.'® In plant cell walls, lignin fills
the spaces between cellulose and hemicellulose, and it acts
like a resin that holds the lignocellulose matrix together.'®
Cross-linking with the carbohydrate polymers then confers
strength and rigidity to the system. Figure 1 depicts a
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Figure 2. The three monolignols, the building blocks of lignin.

schematic representation of lignin in biomass, highlighting
the location and structure of lignin.!”

Considerable work has been done on the detailed
structural characterization of these complex natural poly-
mers and an understanding of both structure and function
is evolving as a result. Advances in spectroscopy'® coupled
with oxidation/reduction,'®!” ozonation,?>?! photochemical
degradation,?? thermogravimetic analysis,”® and computa-
tional studies** have elucidated many of the salient structural
features, constituents, and linkages of lignin. The combina-
tion of wet chemical methods and, more recently, advanced
NMR methods have led to further identification and quan-
tification of the various moieties, end groups, and linkages.
These studies have resulted in an improved structural
characterization of lignins, yet uncertainty remains. Here,
we give a short description of the general structural
characteristics of lignin and refer to leading references for a
more detailed account.?>~>° Although the exact structure of
protolignin, the untreated lignin found in plants (also known
as “native lignin”), is still unknown, the biosynthesis of lignin
is thought to involve the polymerization of three primary
monomers: p-coumaryl, coniferyl, and sinapyl alcohols,
depicted in Figure 2.1

Polymerization by random phenol radical—radical coupling
reactions under chemical control then leads to the formation
of lignin vascular plants.? This current theory of lignification
is under debate, however, because the involvement of
enzymatic pathways, “dirigent” proteins, has been sug-
gested.*® The composition, molecular weight, and amount
of lignin differ from plant to plant, with lignin abundance
generally decreasing in the order of softwoods > hardwoods
> grasses. Schematic representations of the softwood and
hardwood lignin structures showing common linkages are
depicted in Figures 3 and 4, respectively.’! The structure is
merely pictorial and does not imply a particular sequence.

The components derived from coniferyl, sinapyl, and
p-coumaryl alcohol are indicated by color along with
several examples of linkages between the components. The
linkages, individually depicted in Table 1, include §-O-
4, 5-5, -5, 4-0-5, B-1, dibenzodioxocin, and —p3
linkages, of which the 5-O-4 linkage is dominant, consist-
ing of more than half of the linkage structures of lignin."
The relative abundance of the various linkages in softwoods,
including spruce, and hardwoods, such as birch and euca-
lyptus, are also given in Table 1. As indicated, the dominant
linkage in both softwood and hardwood is the 5-O-4 linkage,
consisting of approximately 50% of spruce linkages and 60%
of birch and eucalyptus linkages. The identification and
quantification of the various structures and linkages in lignin
is a considerable challenge even with advanced NMR
techniques because the lignin molecule is very complex.?
In particular, distinguishing between completely etherified,
semietherified, and completely nonetherified 5—5 moieties
is very difficult, which results in uncertainty regarding the
presence and relative abundance of these structures in
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Figure 4. Schematic representation of a hardwood lignin structure.

lignin.?” The composition of softwood and hardwood lignin
varies in the relative abundance of the p-coumaryl, coniferyl,
and sinapyl alcohols. Coniferyl alcohols constitute ap-
proximately 90% of softwood lignin, whereas roughly equal
proportions of coniferyl alcohol and sinapyl alcohol appear
in hardwood lignin, although many exceptions are known.*?
The additional methoxy groups on the aromatic rings prevent
formation of 5—5 or dibenzodioxocin linkages, and thus
cause the hardwood lignin polymer to form more linear
structures relative to softwood.

2.1. The Use of Lignin in Current and Future
Biorefinery Schemes

In direct analogy to a petroleum refinery, which
produces fuels and chemicals from crude oil, a biorefinery
is a facility that produces multiple products, including fuel,
power, and bulk or fine chemicals, from biomass. It is
important to note that the economic necessity for a
lignocellulosic biorefinery to produce chemicals in addi-
tion to biofuels has been advocated.?* Indeed, the produc-
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Table 1. Common Linkages and Approximate Abundance Connecting the Phenyl-propane Units in Softwood and Hardwood

Lignin® 152

Spirodienone

Abundance Softwood Spruce [291,292]

per 100 Co-units Spruce [293]

Spruce [294]

Spruce [27]

Hardwood Birch [291,292]

Eucalyptus grandis [295]

Eucalyptus grandis [28]

Paulownia fortunei [26]

Dibenzodioxocin
oL

'Y,
HO o &

[+]
i

\-—0

Abundance Softwood Spruce [291,292]

nd

per 100 Co-units Spruce [293]

5

Spruce [294]

7

Spruce [27]

7

Hardwood Birch [291,292]

nd

Eucalyptus grandis [295]

<1

Eucalyptus grandis [28]

nd

Paulownia fortunei [26]

“ Etherfied 19; phenolic 5—8. °nd = not determined.

2

tion of both fuels and products is necessary to justify
construction of the biorefinery in order to achieve a high
energy impact and proper return on investment. In addition,
valorization of all components of lignocellulosic biomass is
essential for an economically viable biorefinery. Since lignin
is a principle component of biomass, the biorefinery receives
and processes enormous quantities of lignin,® and conversion
of this component also to fuels and chemicals is imperative
for economic profitability. (The International Lignin Institute
(ILI) is an association that unites stakeholders from academia
and industry with an interest in lignin valorization. ILI is
guided by the vision of a future technology for multiproduct
conversion of alternative lignocellulosic plants in environ-
mentally proper cyclic processes where lignin is a major
product, used at highest possible value. See also www.ili-
lignin.com.) For example, with the concept of the biorefinery
and valorization of all components in mind, PureVision
Technology, Inc., has developed a biomass fractionation
technology that produces value-added low molecular weight
lignin, not just to be used as fuel but as a coproduct to the
cellulose stream.>* Nonetheless, methods for the conversion
and application of lignin other than simply burning it for
the production of process heat are generally lacking. A major
effort is therefore needed to develop new technology for
lignin valorization by converting it, at least partly, to value-
added chemicals. For reviews on the production of trans-
portation fuels from biomass and lignin streams, which falls
beyond the scope of this work, the reader is referred to the
reviews of Huber and co-workers,>>3¢ Stocker,?” and Furim-
sky.®

Figure 5 depicts a biorefinery scheme in which the focus
is on the lignin components; valorization of the other biomass
components, such as cellulose and hemicelluloses, equally
important for the biorefinery, will not be discussed here.

In the first step, plant material, containing lignocellulosic
material consisting predominantly of cellulose, hemicellu-
loses, and lignin but also containing water, soil, salts,
extractives, and other materials from nature, is harvested and
transported to the biorefinery. The biomass is degraded and
separated into its components by a pretreatment method,
described in further detail below, to produce feed streams.
The type of pretreatment method that can be economically
and efficiently employed depends greatly on existing infra-
structure, resources, and type of lignin sources available.
Since the compositions of the feed streams depend on the
pretreatment type (see below) and a wide variety of pre-
treatment streams and feedstocks are available, for highest
efficiency, each biorefinery will be specifically suited to
process the feeds indicated by the local environment.

As indicated by Gallezot,* three potential strategies for
biomass valorization can be used, which are contained in
Figure 5. In the first strategy, the biomass is gasified to
synthesis gas or degraded by pyrolysis to a mixture of small
molecules, which can be used to produce chemicals using
technology developed for petroleum feedstocks.® In the
second strategy, extensive removal of the functional groups
present on the lignin monomers yields simple aromatic
compounds such as phenol, benzene, toluene, and xylene.
These platform chemicals are then reacted in a second step
using existing catalytic technology developed for petroleum
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Figure 5. Lignocellulosic biorefinery scheme with particular emphasis on the lignin stream. Components from the cellulose and hemicelluloses
streams are integrated within the lignin framework, but the process arrows are not fully depicted for clarity.

refineries to produce bulk and fine chemicals. In the third
strategy, biomass is converted directly to valuable chemicals
in a one-pot fashion, which requires highly selective catalysts
that disrupt specified functionalities and linkages.® This
strategy is best suited for the production of fine chemicals
with a high degree of functionality, such a vanillin, that
already resemble the lignin structure, but more complicated
target molecules may also be produced with additional
improvements in catalytic technology. Indeed, this approach
could yield a plethora of complex aromatics, otherwise not
readily available via conventional petrochemical routes. Since
each of these strategies is unlikely to yield a single product
in high yield in the near or medium term, product separation
is an important component of each process. The challenges
in separation technology are manifold and its development
should go hand in hand with improvements in conversion
technology. In each case, after the catalytic processing of
the lignin stream, the chemicals or fuels produced can then
be purified and sold. In each of the strategies involved in
the biorefinery operation, especially the latter two involving
the selective formation of target molecules, the development
of highly active and selective catalysts would significantly
improve the feasibility, economics, and performance of each
process. In fact, catalytic technology is considered the most
important technological barrier to full realization of the
biomass scheme.®

2.2. Lignin Pretreatment

As indicated above, the pretreatment of lignin is an
important initial step in biorefinery operation. The pretreat-
ment separates the principal components of biomass and
related materials, degrades the extended polymer to smaller
compounds, and occasionally causes other chemical trans-
formations, such as the incorporation of sulfur, depending
on the pretreatment method. Efficient biomass fractionation

is actually one of the major challenges posed to the
biorefinery, because the complex structure of the plant cell
wall and the high crystallinity of cellulose make the feedstock
recalcitrant to separation into its components. It is important
to stress that the structure of the isolated lignin stream is
dependent on the isolation method employed. Consequently,
isolation/pretreatment methods that result in consistent types
of lignin of high quality and purity are highly desirable. A
recent critical analysis of pretreatment technologies was
published by Dale and co-workers, in which they divided
the various pretreatment technologies into four categories:
physical pretreatment (i.e., ball milling), solvent fractionation
(including the organosolv process, which is described in more
detail below, along with phosphoric acid fractionation and
the use of ionic liquids), chemical pretreatment (acidic,
alkaline, and oxidative), and biological treatment (using
predominately fungi).** Gaspar and co-workers published a
review focusing on polyoxometalates for the treatment of
wood pulps. The feasibility of using these catalysts as an
environmentally friendly replacement of chlorine-based
chemical treatments in the pulp and paper industry for
delignification is discussed.*!

Several different lignin sources, derived from a specific
form of biomass pretreatment, could be potentially used as
feedstocks for lignin valorization in a biorefinery. These
sources could originate either from pretreatments in the pulp
and paper industries (i.e., kraft or lignosulfonate) or new
feedstocks specific to the biorefinery scheme (i.e., organo-
solv). Each pretreatment method has both advantages and
disadvantages, which will be discussed below. In addition,
the various lignin pretreatments use different conditions and
degradation techniques, including temperatures, pressures,
solvents, and pH ranges, that uniquely alter the chemical
structure and linkages of the protolignin to different extents.
The lignin pretreatment thus influences the types of high-
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a 6,296—298

type monomer molecular formula monomer molecular weight ref
kraft lignin CoHyg 502.1S0.1(0OCH3)0.5(CO,H)0 2 180 6
technical kraft lignin CoH7.98078S0.0s( OCH3)g.77 176.52 296
unreacted kraft lignin CoHy.9701.65S0.0s( OCH3)g 39 189.73 297
lignosulfonate lignin (softwood) CyHg 50,.5(OCH3)0.85(SO3H)g 4 215—254 6
lignosulfonate lignin (hardwood) CoH7.50,.5(0OCH3)(30(SO3H)g 6 188 6
organosolv lignin CoHg 5305.45(0OCH3) 04 nd 6
pyrolysis lignin CsHg3-7.3006-1.4(0CH3)03-08(OH);1-12 nd 6
steam explosion lignin CoHg 5302.45(0CH3) 04 ~188 6
dilute acid llgnm C9H8,5302.45(0CH3)].04 ~188 6
alkaline oxidation lignin CoHy 5302.45(0CH3); 04 ~188 6
beech lignin CoHs 8302.37(0OCH3)0.96 nd 298

“nd = not determined

value products obtainable from biomass valorization and is
an important consideration for biorefinery operation. A
summary of the different lignin separation techniques is
included in Table 2, which includes the monomeric molecular
formula and weight.

2.2.1. Kraft Lignin Process

The most dominant chemical pulping technique employed
is the kraft lignin process, which employs high pHs and
considerable amounts of aqueous sodium hydroxide and
sodium sulfide at temperatures between 423—453 K for about
2 h to degrade lignin in a stepwise process.® Kraft lignin
streams are currently produced commercially, for instance,
by MeadWestvaco, the world’s largest producer of kraft
lignin, and by the LignoBoost technology, a process owned
by Metso Corporation, in which lignin is extracted from pulp
mill black liquor.*** As the most dominant process, con-
siderable infrastructure of the kraft lignin process is already
established, which is advantageous industrially. The kraft
lignin process, however, is highly energetically integrated,
and the plant as a whole depends on lignin from wood as
fuel for process heating, so it is not likely to serve as a source
of lignin for biorefinery operation.® Ragauskas and co-
workers have detailed the process chemistry surrounding
kraft pulping including a description of the primary linkages
in lignin and the ways in which these linkages are disrupted
during the kraft process."” The review includes an overview
of lignin degradation and condensation reactions, and it
provides a discussion of the nature of residual lignin in kraft
pulps.' The structural changes that occur to lignin as a result
of chemical bleaching during the kraft pulping process are
described by Gierer et al.** It is important to note that 5—5
linkages are highly refractory because they typically survive
and are even formed during the kraft pulping process. Pulping
is caused by nucleophilic attack on electron-deficient con-
jugated and carbonyl structures, while bleaching is caused
by electrophilic attack of electron-rich centers in aromatic
nuclei and unsaturated, ring-conjugated side chains.**% A
model structure for kraft pine lignin is presented in Figure
6.54¢ A recent NMR study of technical lignin found most of
the structures present in milled wood lignin. In addition, some
new types of functional groups and linkages are introduced
during the pulping process, such as stilbenes, which are
formed from the cleavage of a-aryl ether linkages of
phenylcoumaran structures.*’ Contrary to earlier reports,
neither diphenylmethane structures nor vinyl aryl ether
structures could be detected by NMR spectroscopy.*’ Despite
the high quantity of sulfides employed, relatively little sulfur
is contained in the product stream following degradation
relative to the lignosulfonate process.

Carbohydrate o~
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OH  groups
»

SH

(o
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Figure 6. Model depicting structural features characteristic of kraft
pine lignin.®*® Contrary to earlier reports, a recent study showed
no evidence for the presence of either diphenylmethane or vinyl
aryl ether linkages in kraft lignin (see * in the figure).*’

2.2.2. Lignosulfonate Process

The sulfite pulping treatment yielding lignosulfonates is
also relatively common in the pulp and paper industry, and
a summary on lignosulfonate lignin processes was published
by Lin and co-workers.* The lignosulfonate process is
conducted between pH 2 and 12 using sulfite with usually
either calcium or magnesium as the counterion.® The product
is typically soluble in water and in some highly polar
organics and amines.® Lignosulfonate feedstreams derived
from sulfite lignin treatment exhibit a higher average
molecular weight and higher monomer molecular weights
than kraft lignin as a result of incorporation of sulfonate
groups on the arenes. A model structure for lignosulfonate
lignin is depicted in Figure 7.

2.2.3. Organosolv Process

Organosolv lignin is obtained by treatment of wood or
bagasse, the fibrous residue that remains after plant material
(i.e., sugar cane) is crushed to extract juice or sap, with
various organic solvents.® The Alcell process, no longer
operational but previously demonstrated at a Repap Alcell
pilot plant, is the most well-known process in the organosolv
lignin category, and it involved dissolution of lignin in either
ethanol or ethanol/water mixtures.*~>' Lignol Energy Cor-
poration in Canada recently modified the pretreatment
developed at the Repap Alcell pilot plant and began operation
of a pilot plant to again produce organosolv lignin of high
purity and potentially high value.’? The principle advantages
of the organosolv process is that it forms separate streams


http://pubs.acs.org/action/showImage?doi=10.1021/cr900354u&iName=master.img-007.jpg&w=239&h=171

Catalytic Valorization of Lignin

OH s0,M

Introduction
of
sulfonate

groups

Figure 7. Model depicting structural features characteristic of
lignosulfonate lignin.54

of cellulose, hemicelluloses, and lignin, allowing valorization
of all components of lignocellulosic biomass, and the process
is generally considered environmentally friendly because it
does not use the sulfides and harsh conditions used in the
kraft or lignosulfonate processes. The organosolv lignin is
therefore typically very low in sulfur content (see Table 2,
entry 6), and it is typically of higher purity than lignin
obtained from other methods, which has important ramifica-
tions for its valorization to high-value chemicals. The
principle disadvantage of the process is the high cost of
solvent recovery.

2.2.4. Other Processes

Pyrolysis lignin could also be considered a possible
feedstock; its monomeric molecular formula is given in Table
2, entry 7. The pyrolysis process typically involves relatively
high temperatures (723 K) for short gas residence times,
typically 2 s5.° No waste except flue gas and ash is produced
during the process. However, the principle disadvantage is
the high level of carbohydrate consumption required to fuel
the process.® It has been suggested that pyrolysis lignin has
structural characteristics significantly different from the other
processes in that it involves Cg- rather than Co-derived oligo-
mers,*° with possible unique opportunities to make specific
aromatic hydrocarbons not available via other processes.

The steam explosion process involves steam impregnation
under pressure followed by rapid pressure release, which
separates the lignocellulosic components and also ruptures
the linkages in the lignin structure.> In a typical treatment,
wood or bagasse is exposed to steam at 1.38—3.45 MPa and
453—503 K for 1—20 min before rapid pressure release.®
Molecular weight distribution in this process could be similar
to the organosolv process. In addition, this process similarly
uses no sulfur, and obtaining a separate cellulose stream is
also possible.® Li and co-workers recently applied a steam
explosion pretreatment process to both softwoods and
hardwoods.>* They noted that the process with SO, preim-
pregnation allowed efficient extraction of lignin from hard-
wood, but only low fractionation efficiencies were observed
with softwoods.>

Several other methods for pretreating and isolating lignin
are available, including the ammonia fiber explosion (AFEX)
process® and the hot water process. More detailed informa-
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tion about these processes can be found in references by
Bozell et al.® and Kamm et al.’*® The dilute acid process
provides effective separation of the lignin from the other
biomass streams but suffers from low yields and also
corrosion of equipment from the acidic environment.® The
alkaline oxidation process uses O, or H,O, to degrade lignin,
which is then easy to recover.® The process suffers from slow
delignification rates, which is the principle reason that the
process is not used extensively. Both methods provide lignin
monomers with similar weight distributions as the organosolv
lignin.6

3. Lignin Model Compounds and Product
Streams

The complexity and variability of lignin has prompted the
use of several simpler, low molecular weight lignin model
compounds in the study of lignin valorization. The use of
lignin model compounds serves several primary purposes.
The first purpose is that they contain linkages that resemble
those found in the lignin polymer and thus their reactivity
provides insight into the degradation and reaction of the
polymer structure as a whole. The second purpose arises
because the molecules used as model compounds are often
found in lignin degradation streams after depolymerization
of the lignin polymer; development of methods for their
valorization to high-value chemicals is therefore important.
Third, the model compounds present fewer analytical chal-
lenges relative to the complicated lignin polymer and the
plethora of products obtained therefrom. Because they often
contain only one type of linkage in the model compound,
analysis of the reaction paths, and thus catalytic performance,
is similarly simplified. Below we give the structures of the
lignin model compounds reported in the literature and the
products obtained from their reactions. Because many of
the model compounds differ only by the number and type
of functional groups (i.e., an additional methoxy group on
an aromatic ring or one replacing a hydroxyl group), only
representative lignin model compounds are depicted rather
than the structure and reactivity of every reported model
compound. Model compounds are grouped by type, and only
general reaction paths are given. The particular catalysts used
are discussed later. The references in which the reaction types
are reported are indicated by the numbers given under the
compounds or near the arrows.

3.1. p-0-4 Linkage Model Compounds

The most abundant linkage in lignin is the 3-O-4 linkage.'>
The ether bond is readily cleaved; indeed, the cleavage of
these bonds during alkaline pulping constitutes the principle
pathways in which the lignin is depolymerized."> The
fragmentation of these linkages tends to lead to the generation
of water-soluble compounds containing phenolic hydroxyl
groups.'’ Figure 8 depicts model compounds containing the
[-O-4 linkage, and chemical transformations of these model
compounds are depicted in Scheme 1.

The most important reactions of model compounds
containing a 3-O-4 linkage involve disruption of that linkage
to form simpler model compounds resembling the p-
coumaryl, coniferyl, and sinapyl alcohol building blocks.
Secondary products obtained during the fragmentation
include 3-hydroxypropaldehyde and arenes with various
aldehyde or alkane side chains. Once fragmented, the
resulting compounds are subject to transformations specific
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Figure 8. Lignin model compounds mimicking the 5-O-4 linkage.

to p-coumaryl, coniferyl, and sinapyl alcohols, discussed
below (see Schemes 6—9). Common subsequent reactions
involve oxidation of coniferyl alcohol to form vanillin or
oxidation of the aromatic ring to form quinones. Several
transformations in which the 5-O-4 bond remains intact have
been reported, including the oxidation of the alcohol group
positioned on the o-carbon to the corresponding aldehyde.

Several quinone species were also reported in which only
one of the arene rings in the model compound is oxidized.

3.2. Carbon—Carbon Linkage Model Compounds

The carbon—carbon bonds in lignin constitute some of the
most difficult bonds to break, and many of these linkages
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Scheme 1. Reaction of Lignin Model Compounds Containing the -O-4 Linkage to Various Products®
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reactions.

tend to survive the pulping process.'> The development of
catalysts capable of performing these disruptions (particularly
the aryl—aryl linkages) is therefore a considerable challenge
that has not yet been adequately addressed. Although
carbon—carbon linkages are present in the native lignin
polymer, additional carbon—carbon bonds can be formed
during lignin pretreatment, such as in alkali-promoted
condensation reactions during kraft pulping.!® Figure 9
depicts model compounds containing the 5—35, 3-1, and other
related C—C bonded compounds. Model compounds with
these linkages usually involve dimeric arenes with varying
methoxy and hydroxyl substituents on the arene, resembling
dimers of p-coumaryl or coniferyl alcohols. Typical reaction
products are depicted in Scheme 2 and include examples in
which the carbon—carbon bonds are broken to yield mon-
omeric compounds. Oxidation of compounds containing a
5—5 bond can also give rise to products with additional ether
linkages in addition to the 5—5 bond, as well as oxidative
cleavage of the arene ring to form polycarboxylic acids.
Compounds containing 5—5 bonds are also subject to
reduction and hydrogenation, resulting in linked cyclohexane
or cyclohexylbenzene products, or to repolymerization to
yield compounds more resembling the lignin parent structure.
Transformations involving compounds with a-1 or f-1
linkages principally involve reaction of the R-group on the
arene or oxidation of the hydroxyl group on one of the arenes

to form quinones, although instances involving the fragmen-
tation of the dimer to monomers through disruption of the
o-1 or -1 bond have also been reported.

Recent studies have suggested that dibenzodioxocin struc-
tures play an important role in lignin and actually are
involved in a significant amount of the 5—5' linked structural
units present in lignin. These new structural insights have
not been yet reflected in model compound studies. Further
investigation of this particular structural unit is therefore
warranted.

3.3. p-5 Linkage Model Compounds

The -5 linkage is often found in a five-membered ring
linking two aromatic structures via both a carbon—carbon
and a carbon—oxygen bond. Figure 10 depicts model
compounds containing -5 or similar linkages, and reactions
of model compounds containing these linkages are depicted
in Scheme 3.

The formation of monomeric compounds, such as vanillin
or vanillic acid, from model compounds with these linkages
requires rupture of both of these bonds. Because of the
inherent complexity in selectively disrupting both bonds,
products resulting from the disruption of only one bond (i.e.,
the a-O-4 ether linkage) to form -1 linkage compounds
are also observed as products of compounds containing the
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Figure 9. Lignin model compounds mimicking the 5—5, -1, or a-1 bond linkages. Contrary to earlier reports, a recent study showed no
evidence for the presence of diphenylmethane (a-1) linkages in kraft lignin.*’

[3-5 linkage. In some instances, the 3-5 bond remains intact
and products resulting from the oxidation of one of the arene
rings are observed.

Several researchers have used benzofuran and dihydroben-
zofuran as a model for the -5 linkage in lignin. The benefits
of using this compound in such a capacity include the limited
and relatively simple products obtained after its transforma-
tion, as indicated in Scheme 4. The products include those
that result from the hydrogenation of the arene ring leaving
the ether linkage intact, disruption of the ether linkage leaving
the arene ring intact, or combinations thereof. Simple

hydrocarbons, including ethylbenzene or phenol, were ob-
tained along with functionalized alkanes following cleavage
of the -5 bond and alkanes with the 3-5 bond intact.”’ Study
of this compound as a 5-5 linkage model allows relatively
simple determination of catalytic selectivity toward either
arene hydrogenation or ether linkage disruption.

3.4. 0-0-4 and 4-0-5 Linkage Model Compounds

Model compounds of the presumed o-O-4 linkages in
lignin have also been reported; however, modern NMR
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Scheme 2. Reaction of Lignin Model Compounds Containing the 5—5, -1, or o-1 Bond Linkages to Various Products”
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Figure 10. Lignin model compounds mimicking the 5-5 linkage.

experiments do not confirm the presence of noncyclic a-O-4
moieties. Instead, it was suggested that these a-O-4 linkages
are present only as part of the dibenzodioxocin or phenyl-
coumaran structural units. The chemistry of the reported
model compounds is therefore of interest to the degradation
of these 8- and 5-membered ring structures. The 4-O-5
aryl—aryl ether linkage is, however, present in lignin mainly
as the result of oligomer—oligomer couplings and leads to
branching of the polymer. Some model compounds have

“The number on the arrow refers the reader to the article in which the
reaction was reported. We refer to Figure 10 for the model compounds
used in these reactions.

been studied in order to understand the chemistry of this
particular linkage as well.

The most prominent reaction of the a-O-4 and 4-O-5
compounds, which are depicted in Figure 11, involves rupture
of the ether linkage to form (substituted) phenol (see Scheme
5). Additional products formed through rupture of this
linkage are benzene for 4-O-5 containing compounds, or
toluene for oi-O-4 containing compounds. These molecules
can be subsequently reduced to cyclohexane or methylcy-
clohexane, respectively. The hydrogenation of a single
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Scheme 4. Reaction of the Simple Lignin Model Compound
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aromatic ring, in which a-O-4 linkage remains intact, has
been reported. With regards to oxidation reactions, several
benzaldehydes were observed following rupture of the a-O-4
bond followed by oxidation of the resulting alcohol. Other

Zakzeski et al.

products include 4-hydroxybenzaldehyde, which is further
reacted to form polymers,’® and cyclic alkanes.>

3.5. p-Coumaryl, Coniferyl, And Sinapyl Alcohol
Model Compounds

Inspection of the schemes presented above indicates that
several of the products obtained from disruption of the
various linkages in the lignin polymer resemble the p-
coumaryl, coniferyl, and sinapyl alcohol constituents from
which the lignin polymer is composed. Considerable effort
has therefore been placed on the conversion of the model
compounds representing these alcohols to other target
molecules. The monolignol p-coumaryl alcohol is the least
functionalized monomer that is used to construct the lignin
macromolecule. Figure 12 depicts the lignin model com-
pounds that are similar to or can be thought to be derived
from the p-coumaryl alcohol monomer, which may be found
in lignin process streams following degradation of the lignin
polymer. Scheme 6 depicts representative reactions of
p-coumaryl type compounds reported in the literature.

The catalytic conversion of the p-coumaryl fragment or
related model compounds, indicated in Scheme 6, has been
demonstrated through several routes, including oxidations,
reductions, alkylations, and repolymerizations. The reduction
reactions often involve removal of the para-substituent R to
form phenol, which can then be further reacted to form
cyclohexane and other related products. Alkylation reactions
involve migration of the CHj; group of the methoxy func-
tionality to the aromatic ring, which is potentially useful for
the formation of xylene- or toluene-like products. Of the
oxidation reactions, the most prominent involve the oxidation
of the R group, often an alkyl group, into 4-hydroxybenzal-
dehyde.%® Further oxidation of this aldehyde to the corre-
sponding acid was also demonstrated.®! Several metallopor-
phyrin catalysts effectively oxidized the hydroxyl functionality
on the aromatic ring to form quinones or, in some instances,
oxidatively cleaved the benzene ring itself to form noncyclic
carboxylic acids. The repolymerization of the p-coumaryl
model compounds to more complicated structures resembling
those in the lignin polymer itself was reported.5>%* These
reactions can be used to synthesize other lignin model
compounds for additional study (such as the formation of
B-0-4 linkages), but otherwise the repolymerization should
be suppressed during lignin valorization to avoid unwanted,
often difficult to analyze products. The p-coumaryl structures
have also been alkylated through the migration of a methoxy
methyl group to the aromatic ring.

As indicated by the vast number of model compounds
depicted in Figure 13 and the extensive reaction network
depicted in Scheme 7, the coniferyl alcohol fragment has
been studied in great detail, and a wide range of reaction
pathways have been demonstrated in the literature.

As with p-coumaryl alcohol, oxidation of the para-
substituent R forms several aromatic compounds including
the highly valued vanillin, which can be further oxidized to
form 3-methoxy-4-hydroxybenzoic acid and other related
compounds. Several researchers have reported the formation
of quinones, either directly from coniferyl alcohol or
indirectly through the oxidation of intermediate products.
With regards to the reduction reactions, formation of phenol
is preceded by the production of catechol, which appears as
a result of cleavage of the ether bond in the 3-methoxy
functionality and the carbon—carbon bond between the
R-group and the arene. Reduction of catechol itself was
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the a-0O-4 or 4-O-5 Linkage to Various Products”
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demonstrated to form cyclohexanediol. A variety of products
were reported from further conversion of phenol, including
benzene, cyclohexene, cyclohexane, and cyclohexanone.
Routes to form higher hydrocarbons from phenol, such as
cyclohexylbenzene or 4-hydroxycyclohexylbenzene, were
also reported. Repolymerization reactions occur also for
p-coumaryl alcohol, including the formation of 5—5 bonds,
a distinctive bond found most prevalently in softwoods, and
also -5 bonds.®* These bonds are important linkages that
occur in the lignin polymer itself. As with the linkages
formed with p-coumaryl alcohol, these compounds can also
serve as lignin model compounds to study the lignin polymer
itself, although the formation of these linkages is similarly
best avoided during lignin valorization.

Scheme 8 depicts reactions of compounds bearing a 3,4-
dimethoxy fragment, which are derivatives of coniferyl
alcohol. The oxidation of these compounds, particularly
veratryl alcohol to veratryl aldehyde, has been extensively
studied because veratryl alcohol itself is an important target
compound for biomass valorization. Other products include
quinones, acids, and products formed as a result of the
oxidative ring cleavage to form nonaromatic carboxylic acids.

In contrast to the p-coumaryl and coniferyl alcohol
moieties, the sinapyl alcohol fragment, of which model
compounds are depicted in Figure 14, is not as susceptible
to repolymerization because of the presence of the 3,5-
dimethoxy groups. These groups occupy positions on the ring
where otherwise 5—5 bonds can form, and thus their presence
prevents this polymerization from occurring. Since the
sinapyl alcohol fragments are much more prevalent in

hardwoods, the decreased occurrence of the 5—5 bonds also
causes the hardwood to adopt a more linear conformation
than softwood, which is more branched because of the 5—5
structure. Typical reactions involve the oxidation of the
R-group to form aldehydes and acids, and the formation of
quinones from sinapyl alcohol has also been reported.
Reduction reactions principally involve removal of the R
group from the ring, demethylation, or demethoxylation.

3.6. General Considerations

The preceding sections have shown that a multitude of
compounds have been used to model the lignin macromol-
ecule or its degradation products (Figures 8—14). The
reported studies on all of these model compounds have given
invaluable information regarding the chemistry of lignin and
possible transformations to value-added products. Some of
the model compounds employed are particularly attractive,
however, because they more accurately capture the salient
features of the monomers and linkages found in the lignin
polymer. The most relevant compounds used to model the
[-O-4 bonds, therefore, contain the C,—OH functionality and
hydroxyl or methoxyl groups on the aromatic ring to more
closely resemble the coniferyl or sinapyl alcohol components
from which lignin is principally comprised. Some examples
include compounds 1—5 in Figure 8. Similarly, model
compounds used to represent the 5—5 carbon—carbon linkage
in lignin are best represented by model compounds that
resemble two linked coniferyl alcohol monomers, for ex-
ample, compounds 36—38 (Figure 9). The rupture of the
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Figure 12. Lignin model compounds resembling p-coumaryl alcohol or its derivatives.

carbon—carbon bond in these compounds is most likely to
resemble the rupture of similar bonds in lignin because of
the proximity of the appropriate functional groups. As with
the 3-O-4 model compounds, f3-1 linkages are best repre-
sented by models containing a C,—OH group (Figure 9,
compounds 46, 48, or 50) since the presence of this
functional group is likely to influence the rupture of the 3-1
linkage. With these suggestions in mind, improvements to
the model compounds used to represent the o-O-4 linkage
could be realized with the addition of a C,—OH or
(Cs—OH)—C,—OH functional group to the model com-
pounds depicted in Figure 11. Similar improvements would
be realized with the addition of methoxy and hydroxyl
functionality to the model compounds used to represent the
4-0O-5 bonds. The reactivities of the model compounds with
these functionalities in the correct positions are more likely
to resemble those of lignin itself, and thus better conclusions
can be drawn from reactions of these compounds. It is
important to note that recent NMR experiments suggest that
0-O-4 linkages are only found as part of dibenzodioxocin

or phenylcoumaran units. More extensive studies and better
models for these particular ring systems are therefore desired.

Taken together, the schemes presented above indicate that
cleavage of the primary linkages of the lignin forms
monomeric aromatic compounds, which are often highly
functionalized with alcohol, aldehyde, ether, or acid substit-
uents. These monomeric compounds are then susceptible to
an extensive array of transformations principally either
reductive in nature, forming simple hydrocarbons, or oxida-
tive in nature, forming aromatics with increased or specif-
ically targeted functionality. The oxidative route requires the
development of catalysts that selectively disrupt the linkages
in lignin to form specific aromatic alcohols, aldehydes, acids,
and other specially functionalized aromatics that are difficult
to produce. These aromatic compounds may be highly
functionalized, requiring several synthetic steps from petro-
leum feedstocks, or require expensive platform molecules.
An exemplary high-value lignin-derived product is vanillin
(3-methoxy-4-hydroxybenzaldehyde), which is already cur-
rently produced by the Borregaard Ingredients corporation
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Scheme 6. Reaction of p-Coumaryl Alcohol Resembling Lignin Model Compounds to Various Products®
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from softwood lignin.® Vanillin is used extensively in foods
and perfumes because of its flavor but also finds use in
medicinal applications or as a platform chemical for phar-
maceuticals production.>% The reductive route requires
developing catalysts that partially or completely remove the
alcohol, aldehyde, ether, and acid substituents from the
monomers formed after lignin depolymerization to form
simple aromatics, including benzene, toluene, xylene, and
phenol. These simple aromatic compounds can then be
reacted, using existing technology, to a plethora of useful
chemicals. A graphical depiction of these transformations is
given in Figure 15, adapted from Bozell® and Koutinas et
al.%” These chemicals and other high-value products, such
as p-substituted benzyl alcohols or aldehydes, are useful for
the production of plastics and other polymers, pigments, dyes,
resins, and many other products.®>®

4. Biorefineries Revisited

As indicated, a tremendous array of products is potentially
obtainable by lignin valorization, and considerable effort has
been placed to developing processes that specifically disrupt
the linkages in lignin to produce valuable target chemicals.
The realization of fully integrated biorefinery schemes for
lignin valorization requires specific catalytic technology to
perform the transformations. The biomass source and pre-
treatment method dictates the performance required of the
catalyst in terms of robustness, selectivity (in terms of
disrupting specific lignin linkages), activity, and recyclability.
For example, dirtier feedstreams require more robust cata-

lysts, which often has implications on the types of processes
that can be realistically employed. Knowledge of the types
of catalysts available, their characteristics, and the types of
transformations that they perform are thus essential for the
development of efficient biorefineries. In the following
sections, we detail the reported catalytic lignin valorization
technology that could aid in the development of such
biorefinery schemes. We first discuss lignin dissolution and
its importance to catalysis, which has specific implications
especially for processes such as the organosolv method. We
then discuss the various catalysts and processes developed
for lignin transformations to specific target chemicals.

5. Lignin Dissolution

5.1. General Characteristics

The dissolution of lignin and other lignocellulosic materials
is critically important for efficient valorization of biomass
but remains a challenge because of the particular properties
of the structures of cellulose, hemicellulose, and lignin. In
fact, it has been recognized that the insolubility of wood in
common solvents has severely inhibited efforts to valorize
wood and its components.®® This difficulty arises because
the complicated three-dimensional lignin network in wood
is interlinked with the other lignocellulosic components and
thus binds the entire wood architecture together (see above).%
The complicated lignocellulosic structure serves to protect
the plant species from microbial attack and provides resis-
tance to the elements, yet it also makes the material
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Figure 13. Coniferyl alcohol resembling lignin model compounds.

recalcitrant to chemical reaction or fermentation to useful
products.®” Crystalline cellulose itself has low accessibility
to enzymatic hydrolysis, and the presence of lignin and
hemicelluloses also protects the cellulosic material from
reaction.”” Complicating the issue, the lignocellulose structure
and composition vary significantly and depend on factors

Zakzeski et al.

such as the plant species, plant parts, and growth conditions.*’
Noncovalent hydrophobic interactions between the aromatic
rings in lignin, for example, may also hinder reactions
between lignin macromolecules and reactants.””’! These
interactions are species-dependent and are found most
commonly in softwood lignins, less in hardwood, and not at
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Scheme 7. Reaction of Coniferyl Alcohol Resembling Lignin Model Compounds to Various Products”
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all in straw lignin.”®’? Disrupting the complicated structure
into its components by dissolution or other physical processes
reduces the resistance of the material to chemical reaction.”
The separation of wood into its basic components, namely,
lignin, cellulose, and hemicelluloses, is therefore an important
step in biorefinery operation.”* The identification and devel-
opment of environmentally benign, cheap, convenient, and
recyclable solvents is the subject of many recent investigations.

Several solvents and extraction strategies have been
recently explored to dissolve biomass and separate it into
its components. Cuprammonium hydroxide, DMSO/SO,, and
DMSO/TBAF include some of the solvents commonly used
in biomass dissolution.”” DMSO/NMI was also found to
effectively dissolve ball-milled wood, from which the lignin
and carbohydrate fractions were separated by precipitation
with dioxane/water.”®

Eckert and co-workers recently reported the use of CO,
expanded organic solvents to extract high value chemicals,
such as vanillin, syringol, and syringaldehyde, from lignin.”’
The advantages of using CO, expanded solvents include the
ability to tune the product solubility, transportability, and
polarity of several standard solvents and that the quantity of
solvent required to dissolve a given amount of biomass is
reduced.”’ The separation and isolation of product compo-
nents is facilitated by the ability to decrease component
solubility such that the products fall out of solution when
desired.”’ Ehara and co-workers used supercritical water to

fractionate wood from Cryptomeria japonica and Fugus
crenata into water-soluble and water-insoluble components
via 3-O-4 cleavage.” The water-insoluble components, which
were comprised mostly of lignin-derived products rather than
carbohydrate-derived products, were treated with methanol,
where the components were found to have more phenolic
hydroxyl groups than lignin in original wood.”®

5.2. lonic Liquids

Ionic liquids have recently become very popular solvents
for the dissolution of biomass. Ionic liquids are salts with
melting points below an arbitrary set point of 373 K. They
often have tunable physical properties based on the choice
of cation and anion pair, a negligible vapor pressure, and
good thermal stability.”” In a pioneering study by Rogers
and co-workers, several ionic liquids, in particular, 1-butyl-
3-methylimidazolium chloride, were found capable of dis-
solving up to 10 wt % cellulose.®” Hydrogen bonds formed
with nonhydrated Cl™ ions disrupted the intermolecular
hydrogen bonding in the cellulose structure, which allowed
the dissolution of the cellulose.” Since this study, several
researchers have investigated the dissolution of biomass,
including lignin, using ionic liquids. Lee and co-workers
observed that [EMIM][OAc] was able to selectively extract
lignin from wood with less crystalline cellulose remaining.®'
Fort and co-workers used 1-butyl-3-methylimidazolium
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Scheme 8. Reaction of Dimethoxy Coniferyl Alcohol Resembling Lignin Model Compounds to Various Products®
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Figure 14. Sinapyl alcohol resembling lignin model compounds.

chloride to dissolve wood and followed the dissolution by
13C NMR spectroscopy. They found that this ionic liquid
was capable of dissolving both cellulose and lignin, and they
were able to use precipitation solvents to isolate cellulose
from the other biomass components.” Based on these initial
investigations, the use of ionic liquids as biomass solvents
has recently attracted considerable interest, and important
developments in the use of ionic liquids for biomass

fractionation, analysis, and pollutant removal have been
recently achieved. Lignin and wood solubility data for several
wood and lignin sources are summarized in Table 3.
Current research focuses include identifying the superior
ionic liquids and performing subsequent reactions on the
dissolved biomass, ionic liquid recyclability, and acquisition
of toxicology data and other industrially relevant parameters.
High-throughput screening methods, discussed below, have
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Scheme 9. Reactions of Sinapyl Alcohol Resembling Lignin Model Compounds to Various Products®
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Figure 15. Valuable products potentially obtained from lignin with development and integration of new and current technology.

provided insight into the desirable characteristics of ionic
liquids. The recyclability of ionic liquids is necessitated by
the relatively high ionic liquid price.®? Other challenges
associated with ionic liquids include substrate and product
separation from the ionic liquid after reaction, which is
necessary both to analyze reaction product mixtures and for
industrial chemical purification. Difficulty in separating
lignin-derived molecules is particularly acute because 7—
interactions between the ionic liquid and aromatic moieties
often make the aromatic products more soluble in the ionic
liquid relative to aliphatic compounds, thus increasing the
difficulty of extraction.®® Nevertheless, typical analytical
methods include solute extraction using organic solvents,®
and techniques to analyze the products dissolved in the ionic

6,67

liquids directly are under development and include Uv—vis
and infrared spectroscopy, light scattering techniques, NMR
spectroscopy, and mass spectrometry, although the latter two
techniques often suffer from low solute concentrations
relative to the amount of ionic liquid present.?* Limited data
is available on the miscibility of ionic liquids with other
solvents and on extraction coefficients of various solute—ionic
liquid mixtures; additional knowledge on the solubility of
reagents and products is required in order to enable effective
product separation and isolation. In general, ionic liquids are
immiscible with nonpolar solvents such as diethyl ether and
hexanes, whereas low polarity solvents, such as ethylacetate,
show variable solubility depending on the properties of the
ionic liquid.®* Polar solvents are frequently miscible with
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Table 3. Lignin Dissolution in Ionic Liquids
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conditions
entry ionic liquid T (K) t (h) weight % loaded lignin source solubility ref
1 [AMIM]CI 363 12 5 aticel lignin soluble 73
2 [AMIM]C1 363 12 5 a-cellulose soluble 73
3 [AMIM]CI 363 12 5 spruce soluble 73
4 [AMIM]CI 363 12 5 silver fur soluble 73
5 [AMIM]CI 363 12 5 common beech soluble 73
6 [AMIM]CI 363 12 5 chestnut soluble 73
7 [AMIM]CI 353 8 ~20 ball-milled southern pine powder 8 wt % 68
8 [AMIM]CI 383 8 ~20 Norway spruce sawdust 8 wt % 68
9 [AMIM]C1 353 24 ~20 Norway spruce sawdust 5 wt % 68
10 [AMIM]CI 403 8 ~20 Norway spruce sawdust TMP 7 wt % 68
11 [AMIM]CI 383 8 ~20 southern pine TMP 2 wt % 68
12 [AMIM]CI 403 8 ~20 southern pine TMP 5wt % 68
13 [AMIM]CI 363 24 50 indulin AT (kraft lignin) 30 wt % 81
14 [BMIM]CI 363 12 5 aticel lignin soluble 73
15 [BMIM]CI 363 12 5 a-cellulose soluble 73
16 [BMIM]CI 363 12 5 spruce partially soluble 73
17 [BMIM]CI 363 12 5 silver fur partially soluble 73
18 [BMIM]CI 363 12 5 common beech partially soluble 73
19 [BMIM]CI 363 12 5 chestnut partially soluble 73
20 [BMIM]CI 348 a a residual softwood kraft pulp lignin 13.9 g/L 89
21 [BMIM]CI 383 8 ~20 Norway spruce sawdust 8 wt % 68
22 [BMIM]CI 403 8 ~20 Norway spruce sawdust TMP 7 wt % 68
23 [BMIM]C1 403 8 southern pine TMP 5wt % 68
24 [BMIM]C1 403 15 ~20 wood chips partially soluble 68
25 [BMIM]CI 363 24 50 indulin AT (kraft lignin) 10 wt % 81
26 [BMIM]CI 383 16 5 southern yellow pine 52.6 wt % 88
27 [BMIM]CI/DMSO-dg 373 24 5 oak wood chips ~17 wt % 79
28 [BMIM]CI/DMSO-dg 373 24 5 eucalyptus wood chips ~22 wt % 79
29 [BMIM]CI/DMSO-dg 373 24 5 poplar wood chips ~19 wt % 79
30 [BMIM]CI/DMSO-dg 373 24 5 pine wood chips ~21 wt % 79
31 [BMIM][MeSO,] 323 a a residual softwood kraft pulp lignin 312 g/ 89
32 [BMIM][MeSO,] 298 a a residual softwood kraft pulp lignin 61.8 g/L 89
33 [BMIM]Br 348 a a residual softwood kraft pulp lignin 17.5 g/L 89
34 [BMIM]([BF;] 363 24 50 indulin AT (kraft lignin) 4 wt % 81
35 [BMIM][PF¢] 343—493 a a residual softwood kraft pulp lignin insoluble 89
36 [BMIM][PF¢] 363 24 5 indulin AT (kraft lignin) ~0.1 wt % 81
37 [BMIM][CF;S0;3] 363 24 50 indulin AT (kraft lignin) 50 wt % 81
38 [EMIM]CI 363 12 5 aticel lignin soluble 68
39 [EMIM]CI 363 12 5 a-cellulose soluble 68
40 [EMIM]C1 363 12 5 spruce partially soluble 68
41 [EMIM]C1 363 12 5 silver fur partially soluble 68
42 [EMIM]C1 363 12 5 common beech partially soluble 73
43 [EMIM]CI 363 12 5 chestnut partially soluble 73
44 [EMIM][XS] 443 2 21.5% sugar cane bagasse 67%" 90
45 [EMIM][XS] 453 2 21.5° sugar cane bagasse 78%° 90
46 [EMIM][XS] 463 2 21.5° sugar cane bagasse 118%< 90
47 [EMIM][XS] 463 1.5 21.5° sugar cane bagasse 97 %" 90
48 [EMIM][XS] 463 1 21.5° sugar cane bagasse 96%* 90
49 [EMIM][XS] 463 0.5 21.5° sugar cane bagasse 67%¢ 90
50 [EMIM]OAc 363 12 5 aticel lignin soluble 73
51 [EMIM]OACc 363 12 5 a-cellulose soluble 73
52 [EMIM]OACc 363 12 5 spruce soluble 73
53 [EMIM]OACc 363 12 5 silver fur partially soluble 73
54 [EMIM]OACc 363 12 5 common beech soluble 73
55 [EMIM]OACc 363 12 5 chestnut soluble 73
56 [EMIM]OACc 363 24 50 indulin AT (kraft lignin) 30 wt % 81
57 [EMIM]OACc 383 16 5 southern yellow pine 5wt % 88
58 [EMIM]OACc 383 16 5 red Oak 5wt % 88
59 [MMIM][MeSO,] 208 a a residual softwood kraft pulp lignin 74.2 g/L 89
60 [MMIM][MeSO,] 323 a a residual softwood kraft pulp lignin 344 ¢/L 89
61 [MMIM][MeSO,] 363 24 50 indulin AT (kraft lignin) 50 wt % 81
62 [HMIM][CF;SO4] 343 a a residual softwood kraft pulp lignin 275 g/ 89
63 [HMIM][CF5SO4] 323 a a residual softwood kraft pulp lignin <10 g/L 89
64 [BMLIM]CI 343—-373 a a residual softwood kraft pulp lignin 14.5 g/L 89
65 [bzmim]Cl 403 8 ~20 southern pine TMP 5wt % 68
66 [bzmim]Cl 403 8 ~20 Norway spruce TMP 5wt % 68
67 [bzmim]Cl 363 24 50 indulin AT (kraft lignin) 10 wt % 81
68 [bz-ome-mim]Cl 403 8 ~20 southern pine TMP 5wt % 68
69 [bz-ome-mim]Cl 403 8 ~20 southern pine TMP 2 wt % 68
70 BenzylmimDca 403 8 ~20 southern pine TMP 2 wt % 68
71 [BMPY]CI 363 12 5 aticel lignin soluble 73
72 [BMPY]CI 363 12 5 a-cellulose soluble 73
73 [BMPY]CI 363 12 5 spruce not tested 73
74 [BMPY]CI 363 12 5 silver fur not tested 73
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conditions
entry ionic liquid T (K) t (h) weight % loaded lignin source solubility ref
75 [BMPY]CI 363 12 5 common beech not tested 73
76 [BMPY]C1 363 12 5 chestnut not tested 73
77 [BMPY][PF] 343—493 a a residual softwood kraft pulp lignin insoluble 89
78 ECOENG 363 12 5 aticel lignin soluble 73
79 ECOENG 363 12 5 a-cellulose soluble 73
80 ECOENG 363 12 5 spruce partially soluble 73
81 ECOENG 363 12 5 silver fur partially soluble 73
82 ECOENG 363 12 5 common beech partially soluble 73
83 ECOENG 363 12 5 chestnut partially soluble 73

@ Not specified. ? Dry basis. ¢ As a percentage of original lignin content, corrected for ash content. ¢ Higher than theoretical mass maybe partially

due to incorporation of xylenesulfonate anion or a cation.

ionic liquids.®? Brennecke and co-workers demonstrated the
possibility of extracting a wide variety of components from
ionic liquids using supercritical CO,.8>%¢ This solvent has
shown interesting phase behavior with ionic liquids in that
large amounts of CO, dissolve in the ionic liquids, but no
measurable quantity of ionic liquid dissolved in the CO, %
An advantage of using supercritical CO, as the extraction
solvent is that it is also considered an environmentally benign
solvent.%’

The results of high-throughput screening experiments have
identified several ionic liquids that readily dissolve lignin
and wood. Zavrel and co-workers used a high-throughput
method to test 21 ionic liquids for their ability to dissolve
cellulose and woody biomass.”® Of the ionic liquids inves-
tigated, 1-ethyl-3-methylimidazolium chloride was found to
best dissolve cellulose, while 1-allyl-3-methylimidazolium
chloride best dissolved wood chips.”® In this study, it was
suggested that sr-electrons in the side chain of the 1-allyl-
3-methylimidazolium cation contribute to 7t—s interactions
with the aromatic lignin parts and that the anion disrupts
the hydrogen bonds found in the lignocelluloses, thereby
disrupting the three-dimensional structures and allowing
dissolution.” It was found also that precipitation of ligno-
cellulosic materials was subsequently possible using various
antisolvents. The ability to use high-throughput screening
methods to test for biomass reactivity in ionic liquids was
also highlighted, especially with enzymes.”> Sun and co-
workers recently investigated the dissolution of southern
yellow pine and red oak, achieving nearly complete dissolu-
tion of the latter in 16 h.%® As indicated by the results
compiled in Table 3, the properties of the anion are extremely
important in the solubility of lignin in ionic liquids. Pu and
co-workers specifically investigated the effect of various
anions on the solubility of lignin from kraft pulp.®?® They
discovered that up to 20 wt % of lignin was soluble using
[CF;SOs3]™ or [MeSO4]™ anions, and for 1-butyl-3-meth-
ylimidazolium salts, the order of solubility was [MeSO4]~
> Cl™ ~ Br~ > [PF4]".% The noncoordinating [PFs]~ anion
was essentially ineffective in dissolving lignin.** Tan and
co-workers observed that 1-ethyl-3-methylimidazolium cation
with a mixture of alkylbenzene sulfonate anions (mainly
xylenesulfonate) dissolved lignin, and an extraction yield of
93% was attained.”

Recent investigations of the use of ionic liquids for lignin
dissolution have also focused on the various types of
reactions used for the analysis and conversion of lignin to
useful chemicals. Kilpelaeinen and co-workers used 1-butyl-
3-methylimidazolium chloride and 1-allyl-3-methylimida-
zolium chloride to dissolve Norway spruce sawdust, Norway
spruce fibers, and southern pine fibers.*® The dissolved fibers

Scheme 10. Thermal Conversion of Guaiacyl-f-guaiacyl
Ether (GG) to 3-(4-Hydroxyl-3-methoxyphenyl)-2-
(2-methoxyphenoxy)-2-propenol (EE) in Ionic Liquids
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were then acetylated to form products that are completely
soluble in chloroform, which allowed analysis by '"H NMR.%
Sievers and co-workers®! and Li and co-workers®? in turn
demonstrated the acid hydrolysis of pine wood in ionic
liquids with the intent of converting lignocellulosic materials
to simpler monosaccharides, which can then be converted
to fuels and other chemicals.”’ Kubo and co-workers
converted guaiacyl-f-guaiacyl ether (GG), which contains
the predominant interunit 3-O-4 linkage of lignin, to 3-(4-
hydroxyl-3-methoxyphenyl)-2-(2-methoxyphenoxy)-2-prope-
nol (EE) by heat treatment (see Scheme 10).%

EE is believed to be an unstable intermediate under acidic
or alkaline conditions, yet it was successfully isolated in the
ionic liquids.”® Xie and co-workers recently reported the
acylation of wood to form highly substituted lignocellulosic
esters in ionic liquids using acetyl chloride or benzoyl
chloride in the presence of pyridine.** Noting that few studies
have involved the examination of enzyme-catalyzed oxidative
biotransformations in ionic liquids, Sgalla and co-workers
investigated the reactivity of horseradish peroxidase in
1-butyl-3-methylimidazolium tetrafluoroborate/water mix-
tures.”> Although lower enzymatic activity was observed
relative to standard water buffers, the enzyme was still active
for the transformation of water-insoluble phenolic compounds
into 2,2-bis-(4-phenylphenol), a member of an important
group of platform chemicals.”

6. Catalytic Lignin Transformations

Following the biomass pretreatment, the lignin polymer
is susceptible to a wide range of chemical transformations
to form valuable chemicals. As indicated above, the frag-
mentation reactions can be principally divided into lignin
cracking or hydrolysis reactions, catalytic reduction reactions,
and catalytic oxidation reactions. For lignin reductions,
typical reactions involve the removal of the extensive
functionality of the lignin subunits to form simpler mono-
meric compounds such as phenols, benzene, toluene, or
xylene. These simple aromatic compounds can then be
hydrogenated to alkanes or used as platform chemicals for
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use in the synthesis of fine chemicals using technology
already developed in the petroleum industry. For lignin
oxidations, lignin is converted to more complicated platform
chemicals with extensive functionality or converted directly
to target fine chemicals (see Figure 5).

6.1. Lignin Catalytic Cracking and Hydrolysis

Disruption of the complicated lignin polymer into smaller
subunits is an important step for lignin valorization. The
smaller subsets better resemble the model compounds and
target products depicted above, and they expose various
functional groups on the aromatic rings to further catalytic
transformations. Amen-Chen and co-workers published a
review of the production of monomeric phenols by thermo-
chemical lignin conversion.'? Several routes to phenolic
compounds were described, including the pyrolysis of
monomeric, dimeric, and trimeric compounds, in addition
to the effects that different conditions have on forming
methane, methanol, and various compounds from biomass.?
Several transition metal catalytic processes were also re-
viewed, including kraft lignin pyrolysis by ZnCl,.!? Dorrestijn
and co-workers published a review detailing the pyrolysis
of lignin with a brief discussion of pyrolysis, catalytic
hydrogenation, and oxidation.> Britt et al. studied flash
vacuum pyrolysis of methoxy-substituted 5-O-4 lignin model
compounds in order to provide mechanistic insight into the
relevant reaction pathways.” The reactions were dominated
by free radical reactions, molecular rearrangements, and
concerted eliminations.”® Misson and co-workers investigated
the pretreatment of empty palm fruit bunches with NaOH,
H,0,, and Ca(OH), before catalytic pyrolysis using Al-
MCM-41 and H-ZSM-5 to give phenolic yields of 90 and
80 wt % yield, respectively.”’ Li and co-workers studied the
depolymerization/repolymerization of lignin during steam
treatment of aspen wood.”® They found that addition of a
carbenium ion scavenger, such as 2-naphthol, suppresses the
repolymerization reaction to give a more uniform and more
easily extractable lignin of low molecular weight.”® As
indicated above, controlling the repolymerization of the
monomer is important for selective biomass valorization.

6.1.1. Cracking

Cracking is a practice commonly employed in petroleum
refineries to convert higher-boiling hydrocarbons into more
valuable products by C—C bond cleavage.”” Fluid catalytic
cracking is among the most important of catalytic processes,
contributing between 20% and 50% of the blending com-
ponents in the gasoline pool of a refinery. The process uses
highly optimized zeolites as catalysts to achieve the C—C
bond cleavage in an acid-catalyzed reaction. In the hydro-
cracking process, the catalytic cracking of heavy oil fractions
is combined with a hydrogenation/hydrogenolysis step;
reactions are in this case run under elevated partial hydrogen
pressure. The catalysts used in hydrocracking are predomi-
nantly bifunctional, combining a support active in cracking
with a (noble) metal for the hydrogenation reaction. The
hydrogenation catalyst is typically composed of cobalt,
tungsten, palladium, or nickel, and the cracking component
typically consists of zeolites or amorphous silica—alumina
with various compositions.” Lignin can be also be treated
with hydrocracking catalysts, which leads to cleavage of the
B-0-4 bond and relatively unstable carbon—carbon bonds.”
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The resulting low molecular weight aromatic compounds are
then susceptible to further conversion to valuable products.

Several catalysts crack lignin into low molecular weight
compounds. Huber and Corma included a paragraph on the
catalytic cracking of lignin in their review of bio- and
petrochemical refineries in which two examples of bio-oil
upgrading are described.>> Sharma and Bakhshi reported on
the catalytic cracking of pyrolytic lignin!® or bio-oil
produced by liquefaction'®! using H-ZSM-5 as a catalyst
between 613 and 683 K in a fixed bed reactor. The products
were distilled, and the maximum amount of organic distillate
was 30 wt % of pyrolytic lignin, and nearly 60 wt % of the
bio-oil was obtained as useful chemical byproducts.'®
H-ZSM-5 and H-mordonite produced more aromatic than
aliphatic hydrocarbons from fast pyrolysis bio-oil, whereas
H-Y, silicalite, and silica—alumina produced more aliphatic
than aromatic hydrocarbons.!> H-ZSM-5 was most effective
for the production of an organic distillate fraction and
aromatic hydrocarbons relative to the other zeolites inves-
tigated.'®® Similarly, H-ZSM-5 produced the highest yield
of deoxygenated liquid fraction and aromatic and naphthenic
compounds relative to other zeolites.'™ Chantal and co-
workers used H-ZSM-5 to hydrotreat pyrolytic oil and found
that the percentage of coke formed is mostly dependent on
the flow rate of the oil whereas the percentage of unreacted
tar is a function of both temperature and flow rate.'®> The
presence of methanol in the oil decreased coke formation.'%
Gayubo and co-workers investigated the effects of temper-
ature and time on the conversion of model compounds
obtained from the flash pyrolysis of vegetable biomass using
H-ZSM-5.'% Alcohols (principally propanol and butanol)
transform into gasoline hydrocarbons and light olefins
similarly to ethanol and methanol, yet phenol and 2-meth-
oxyphenol were less reactive and led to coke formation.'%

The product distribution observed in these cracking
reactions is thought to result from a series of reactions
whereby nonvolatile compounds are first cracked to heavy
volatile compounds, which are then subsequently cracked
to volatile alkyl aromatics and ultimately to coke and gas.'®
The two general reaction pathways are either thermal, which
results in the formation of light and heavy organic com-
pounds and polymerization to form char, or thermocatalytic,
which involves a range of processes including deoxygenation,
cracking, cyclization, aromatization, isomerization, and po-
lymerization.'?? The performances of the catalysts indicated
above are strongly dependent on structural characteristics of
the catalyst, including framework and the presence and
strength of acid sites. Hydrocarbon formation, for example,
occurs more readily with H-ZSM-5 compared with sili-
calite.'? These catalysts have similar frameworks but differ
in that acid sites are present in the former but absent in the
latter.'%? The formation of aromatic compounds and coke is
linked to catalytst structure since aromatic products are
observed with the zeolite catalysts but only low quantities
of aromatics are observed with amorphous silica—alumina,
and the effectiveness of the catalysts in reducing coke
formation decreased with increasing pore size.'”? Excess
water was found to have an adverse effect on catalyst
performance by decreasing the number of acid sites in the
catalyst.!® Char and tar formation, which is thought to occur
via the polymerization of heavy and nonvolative bio-oil
components, is likely temperature related, and the zeolite
catalysts indicated above typically reduce char and tar
formation more readily at elevated temperatures.'°1%2 Cau-
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tion is required, however, to avoid bio-oil decomposition,
which is also favored at elevated temperatures.'®

Other catalysts besides zeolites were also reported to be
active for the catalytic cracking of biomass. Sheu and co-
workers performed a kinetic study on the upgrading of pine
pyrolitic oil produced from southern pine sawdust and bark
in a trickle bed reactor using Pt/Al,0;—Si0O, and sulfided
Co—Mo/Al,O3;, Ni—W/AL,0;, and Ni—Mo/A1,05.!9 The
reactions were conducted between 623 and 673 K and at
5.17—10.34 MPa.'”” Two models for oxygen removal and
for compositional changes in the bio-oil were developed, and
it was found that Pt/Al,0;—SiO, had the best hydrotreating
ability of the catalysts analyzed.!”” Supported or nonsup-
ported Pt-modified superacid catalysts, such as Pt/SO,>/
Zr0,, PYWO42/Zr0O,, or Pt/SO,>7/TiO, and similar combi-
nations, were demonstrated as effective hydrocracking
catalysts at 623 K and 10.34 MPa H,.'%® Products included
predominantly C;—C, alkyl-substituted phenols and meth-
oxyphenols or C3—C, alkyl-substituted phenols depending
on the methanol/lignin ratio in the preceding mild base-
catalyzed depolymerization step.'”® UOP LLC patented a
process for the treatment of lignin and cellulosic biomass to
produce aromatics useful in fuels, as well as chemical
precursors for the chemical industry.!” The lignocellulosic
biomass is first dispersed with, for example, glycerol, after
which it is treated under a hydrogen atmosphere (573—673
K, 3.3—6.8 MPa H,) with a metal-loaded large pore zeolite
or a sulfided Ni—Mo hydroprocessing catalyst claimed to
produce various phenols and aromatics, among other products.

6.1.2. Hydrolysis

Lignin hydrolysis was also the focus of several investiga-
tions. Karagoez and co-workers described the use of Rb and
Cs carbonate solutions to treat pine sawdust to form phenolic
compounds.''® They found that more oil, consisting of a
mixture of oxygenated lignin products, was produced using
Rb,COj catalysts than Cs,CO;.!'” The base catalysts hindered
char formation and favored the formation of the (methylated)
catechols and 2-methoxyphenyl products.!'® Thring explored
the depolymerization of Alcell lignin by alkaline hydroly-
sis.!'! Between 7% and 30% conversion of Alcell lignin was
obtained to yield a concentration of 4.4% phenols mostly
consisting of syringol (2.4%).!"! Several years later, Miller
and co-workers performed alkaline hydrolysis of Alcell lignin
using KOH in supercritical methanol or ethanol.!'?> Only 7%
of the ether-insoluble material was left in the KOH/methanol
solution after 10—15 min at 563 K.!'? The reaction was
favored by strong bases, and combinations of bases gave
either positive synergistic effects, such as with NaOH and
Ca(OH),, or negative synergistic effects, such as with LIOH
or CsOH with Ca(OH),, as indicated by the relative decrease
in insolubles.''> Model compound studies indicated that the
principle route for lignin depolymerization was through
solvolysis of the ether linkages.!'> Recently, Nenkova and
co-workers described the alkaline depolymerization of
technical hydrolysis lignin and poplar wood sawdust.'!?
Isolated products from extraction with toluene included
several high-value products commonly obtained from lignin
oxidation, such as 2-methoxyphenol, 4-hydroxy-3-methoxy-
benzaldehyde, 2,6-dimethoxyphenol, and 1-(4-hydroxy-3-
methoxyphenyl)ethanone. '3

Several examples of lignin fragmentation by supercritical
water were reported. Supercritical water has several advanta-
geous properties that make it suitable for use as a solvent
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for lignin valorization. It is completely miscible with light
gases, hydrocarbons, and aromatic compounds.''*!"> Reac-
tions with biomass containing relatively high water content
are possible without the need to dry the feedstock, and several
organic decomposition and formation reactions, such as
oxidations and hydrolysis, have been reported to occur
without a catalyst.!'*!!5 In addition, supercritical water has
relatively low viscosity, high diffusivity, a dielectric similar
to many organic solvents but the advantage of thermal
stability.'!® The separation of organic products formed during
reactions is conducted with relative ease from the water.!'
The principle disadvantages include the relatively high
temperatures and pressures required to reach the supercritical
conditions (7, = 647.2 K, P. = 22.1 MPa)'°! and that char
formation can be problematic. Wahyudiono and co-workers
used supercritical water in a batch reactor to decompose the
lignin model compound catechol, where it was found that
manipulating the temperature and pressure of the supercritical
water controlled the reaction rate to forming phenol.!!*!!
Watanabe and co-workers used supercritical water as a
solvent for the NaOH and ZrO, catalyzed partial oxidative
gasification of organosolv lignin, where it was found that
the presence of both ZrO, and NaOH greatly increased the
H, yield.'”

6.2. Lignin Reduction

The selective catalytic hydrogenation of lignin and its
model compounds has been studied for many years and is
the subject of several publications. With regard to reductive
lignin depolymerization, the emphasis of the reported studies
is mainly on the production and upgrading of bio-oils and
fuels, although the production of phenols as a chemical
commodity is also considered. The replacement of petro-
chemical-based routes for the production of bulk aromatic
compounds, such as benzene, toluene, and xylene (B,T,X),
as well as phenol, by renewable routes has nonetheless
received relatively little attention.!'® Since approximately
60% of all aromatics produced by a typical integrated
chemical production center are first generation unfunction-
alized aromatics, the conversion of biomass and lignin in
particular to B,T,X therefore deserves more attention.'!®

In this section, we review those studies that are primarily
concerned with the production of phenols or aromatics from
lignin or lignin model compounds via catalytic hydrogenation
or hydrodeoxygenation. The production of monomeric phe-
nols by thermochemical conversion of biomass has already
been reviewed and falls beyond the scope of this review.'?

Most reports on the hydrotreatment of biomass-derived
feeds are focused on either bio-oil production or upgrading
(hydroprocessing) because chemical conversion is required
to turn such bio-oils into useful transportation fuels. Hy-
drotreatment is then employed to increase the thermal
stability and volatility of the oil and to reduce viscosity
through oxygen removal and lowering of the molecular
weight.!!® Fast pyrolysis studies are generally aimed at the
maximum production of liquid products. In this respect, it
has been found that reducing conditions, that is, the presence
of hydrogen or hydrogen-donating compounds, are beneficial
and lead to higher yields and to less coke formation in
pyrolysis processes.'?® Studies dealing with the direct
conversion of biomass to bio-oils (by fast or slow pyrolysis,
liquefaction, etc,), that is, those that do not deal directly with
lignin or lignin-related models, are beyond the scope of this
review. A recent review on wood/biomass pyrolysis for bio-
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oil production is available.!?! For general developments in
the field of catalytic hydroprocessing of bio-oils, the reader
is referred to work by Elliott'"® or to Briens et al.'?? and
Behrend et al.'>® Furimsky has published a review on
catalytic hydrodeoxygenation from a broader perspective.’®
An early review on mechanistic aspects, reaction pathways,
and kinetics of catalytic hydroprocessing, including hy-
drodesulfurization, hydrodenitrogenation, and hydrodeoxy-
genation, is also available.'?* The actual composition of bio-
oils is complex, and a multitude of compounds have already
been identified."”' In fact, component analysis and determi-
nation of chemical reactivity of the identified components
for upgrading purposes is an active field of research. Indeed,
some studies are concerned with lignin-related model
compounds and aim to further understand the processes
governing bio-oil upgrading. As such, they provide important
insights into the chemical pathways for the conversion of
lignin into valuable chemicals. Most of these efforts are
concerned with the hydrotreatment of (a multitude of)
oxygen-containing model compounds rather than actual
lignin or bio-oil feeds. In terms of catalyst development, an
optimal catalyst for the conversion of lignins into phenols
or aromatics should have the following characteristics: high
conversion at modest temperatures to minimize char forma-
tion and competitive thermal condensation reactions, high
selectivity to phenols to prevent excessive hydrogen con-
sumption, tolerance to water, the ability to deal with various
lignin streams, and possibly the capability for dealkylation
(side chain removal).

6.2.1. Heterogeneous Catalysis

Early studies on lignin heterogeneous hydrogenation
were mainly aimed at structure elucidation of the complex
lignin polymer. A catalytic reaction of hardwood lignin
with hydrogen was reported by Harris and co-workers as
early as 1938, in which lignin was found to react with
hydrogen over copper—chromium oxide.'?> The rather
harsh hydrogenation conditions led to full reduction of the
aromatic rings to yield mainly some monomeric (substituted)
propylcyclohexanols and methanol. Other early studies on
lignin hydrogenation also included the use of Raney Ni as a
catalyst, in which syringol and guaiacol components were
isolated.!?%!?7 Pepper et al. studied the influence of a number
of catalysts (Raney Ni, Pd/C, Rh/C, Rh/Al,O;, Ru/C, Ru/
Al,O3) on softwood lignin (spruce wood) hydrogenation. A
significant amount of the original lignin was converted into
the monomeric products 4-propylguaiacol and dihydroco-
niferyl alcohol under mild conditions (3.4 MPa, 468 K), with
Rh/C giving the highest yield.'?® The Pd/C-catalyzed reaction
yielded mainly dihydroconiferyl alcohol (representing some
24% of the lignin), while 4-propylguaiacol was found in
addition to dihydroconiferyl alcohol with Rh/C (together
accounting for some 34% of the original lignin). The
observed product distribution thus implies that Rh/C is
capable also of cleaving other linkages than those cleaved
by Pd/C. Reaction conditions such as catalyst loading,
hydrogen pressure, and pH of the medium were optimized.'?
The nature of the obtained products was influenced by
catalyst loading, because higher loadings resulted in over-
hydrogenation and degradation reactions, as well as by
variation of the pH. Hardwood lignin (aspen wood), on the
other hand, gave mainly the corresponding syringyl and
guaiacyl compounds bearing a propyl or propanol group with
Rh/C, accounting for about 40 wt % of the original lignin.
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These results clearly reflected the differences in building
block composition of the hard- and softwood lignin poly-
mers.'3° Since these initial reports, many more examples of
catalytic hydrogenation have been reported, and a summary
of the catalytic systems used for lignin hydrogenation is given
in Table 4.

Workers at the Japanese Noguchi Institute worked on
lignin liquefaction for phenol production and discovered
an active catalyst in the early 1950s. This discovery led
to the patented Noguchi process, in which it was claimed
that a mixture of C4—Cy monophenols could be obtained
upon hydrogenolysis in yields as high as about 40%.'3!
An iron(Il) sulfide catalyst with a cocatalyst of at least one
sulfide of copper, silver, tin, cobalt, chromium, nickel, zinc,
or molybdenum (e.g., Fe—S—Cu—Zn in a ratio of 10:12:1:
1) was used, and the reaction was conducted in a solvent
such as lignin tars and phenols at 523—723 K with an initial
hydrogen pressure of 15.2—45.6 MPa. The high yields of
monomeric phenols were in part caused by alkylation of the
phenolic solvent during the process, but nonetheless a lignin-
derived phenol yield of 21% was obtained. The process was
extensively evaluated in a multitude of its variants but
suffered from difficulties in reproducibility regarding the
production of high yields of monophenols. Although it was
concluded that the process remained the best one for lignin
liquefaction to that date,'*? the process was economically
unattractive because of the kind of lignin used, the relatively
low economic value of the monophenol product mixture, and
the loss of phenol itself when used as a solvent. Around the
same time, Inventa AG patented a similar process consisting
of decomposing lignin into distillable products containing a
substantial amount of phenols using iron sulfate as the
hydrogenation (pre)catalyst.'??

Urban et al. later claimed a modification and improve-
ment on the Noguchi process, affording up to about 45%
cresols and about 65% monophenols from alkali lignin
from the kraft process. Cresol yield is substantially
increased by the addition of methanol, which is important
since cresols might be the source of maximum economic
return from the liquefaction of lignin. The catalyst is
generated in situ and consists of ferrous sulfide with
smaller amounts of other metal sulfides as promoters.'*

6.2.1.1. Co—Mo- and Ni—Mo-Based Hydrodeoxygen-
ation Catalysts. Heterogeneous catalyst systems that have been
studied most extensively for lignin hydrogenation are conven-
tional cobalt- and nickel-promoted molybdenum catalysts.
Indeed, already in 1970 Alpert and Shuman patented a process
for the production of chemicals from lignin using a Co—Mo/
AlLO; catalyst.'® The initial interest in the hydrocracking and
hydrodeoxygenation activity of these catalysts rested on the
fact that synthetic oils, either from coal or biomass, can have
an oxygen content well in excess of 10% and can even
approach 50% for biomass feeds.*® Application of biomass-
derived hydrocarbons requires removal of oxygen from the
feed.'”® The well-established hydrotreating catalysts originally
developed for the removal of sulfur (HDS) and nitrogen
(HDN) from conventional oil feed for purification and
upgrading processes proved a useful lead for the removal of
oxygen (HDO) from biomass-derived product streams.

Indeed, these conventional catalysts are the most studied
systems also for reductive lignin conversion. Elliot published
an early study in which a variety of commercial catalysts
(Co—Mo, Ni—Mo, Ni—W, Ni, Co, Pd, and Cu—CrO) were
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Table 4. Heterogeneous Catalytic Systems for the Hydrogenation and Hydrodeoxygenation of Lignin (Model Compounds)

reaction conditions

lignin (model) conversion
entry catalyst support T (K) P (MPa) ¢ (min) compound major products (%) notes  ref
1 Cu—CrO none 533 22 1080 lignin methanol, 70 125
4-n-propylcyclohexanol,
4-n-propylcyclohexanediol,
glycol
2 Cu—CrO none 523 20 300 hydrol lignin 3-cyclohexyl-1-propanol, 12 126
4-n-propylcyclohexanol,
3-(4-hydroxycyclohexyl)-
1-propanol
3 Raney Ni none 446 20 360 maple wood meal 4-ethylsyringol, 27 127
4-ethanolsyringol
4 Raney Ni none 468 34 300 spruce wood meal dihydroconiferyl alcohol, 16 128
4-n-propylguaiacol
5 Rh carbon 468 34 300 spruce wood meal dihydroconiferyl alcohol, 34 128
4-n-propylguaiacol
6 Rh AlLO; 468 3.4 300 spruce wood meal dihydroconiferyl alcohol, 13 128
4-n-propylguaiacol
7 Pd carbon 468 3.4 300 spruce wood meal dihydroconiferyl alcohol, 24 128
4-n-propylguaiacol
8 Rh carbon 468 3.4 300 aspen wood meal 1 i 129
9 FeS* none® 523—723 152—-456 60—120  lignin phenols, benzenes l m 131
10 FeS none¢ 648—698 5—15 60 kraft lignin monophenols C¢—Cy 1 n 134
11 Co—Mo Si0,—ALO3 573-723  10—20 l polycyclic aromatics gasoline hydrocarbons i 137
12 Ni—Mo Si0,—ALO;*/ 573 5 k phenol Cg hydrocarbons 2 138
13 Ni—Mo Si0,—ALOs* 598 5 k phenol Cg hydrocarbons 17 138
14 Ni—Mo Si0,—ALOs* 598 5 k o-cresol phenol/C; hydrocarbons 26 138
15 Co—Mo AlLO5° 573 5 250 4-methylphenol toluene 100 139
16 Co—Mo ALOz# 598 6.9 101 4-methylguaiacol toluene, cresol isomers, 98 140
methylcatechol
17 Co—Mo ALO;z# 573 6.9 344 4-methylcatechol toluene, cresol, alkylphenol, 99 140
methylcyclohexane
18 Co—Mo ALO;8 573 6.9 240 eugenol propylcyclohexane, 100 140
propylphenol, propylguaiacol,
propylcatechol
19 Co—Mo AlLO;# 573 6.9 254 vanillin methylcyclohexane, 98 140
methylcatechol, cresol
20 Co—Mo Al 058 573 6.9 443 0,0-biphenol biphenyl, cyclohexylbenzene, 92 140
dibenzofuran, 2-phenylphenol
21 Co—Mo AlLO;# 573 6.9 361 o-hydroxydiphenylmethane  benzene, cyclohexane, toluene, 100 140
phenol, diphenylmethane
22 Co—Mo ALO;8 573 6.9 379 phenylether benzene, cyclohexane, phenol 98 140
23 Co—Mo AlLO;# 523—598 34 400—600  anisole phenol, benzene, cyclohexane 100 141
24 Co—Mo ALO;# 523 3.4 1200 guaiacol catechol, phenol, benzene, 100 141
cyclohexane
25 Co—Mo ALO5* 548—598 5 i o-methoxyphenol phenols, dioxygen compounds, 23-99 142
other hydrocarbons
26 Co—Mo ALOs* 548—598 5 l m-methoxyphenol phenols, dioxygen compounds, 27-95 142
other hydrocarbons
27 Ni—Mo AlLO5° 723 2.8 ! catechol phenol, benzene, cyclohexane 98 143
28 Ni—Mo AlLO5° 673 2.8 ! guaiacol benzene, toluene 98 143
29 Ni—Mo ALO5* 673 2.8 i syringol benzene, toluene, 98 143
trimethylbenzene
30 Co—Mo Al O5# 553 7 150 4-methylacetophenone ethylmethylbenzene 100 o 144
31 Co—Mo AlL,O5¢ 553 7 150 guaiacol phenol, catechol 57 0 144
32 Ni—Mo AlLO;“# 553 7 150 4-methylacetophenone ethylmethylbenzene 100 0 144
33 Ni—Mo ALO;8 553 7 150 guaiacol phenol, catechol 65 o 144
34 Co—Mo AlLO5¢ 553 7 ! 4-methylacetophenone ethylmethylbenzene ! 145
35 Co—Mo ALO5* 553 7 i guaiacol phenols, catechol, hydrocarbons i 145
36 Co—Mo carbon® 553 7 180 4-methylacetophenone ethylmethylbenzene 100 147
37 Co—Mo carbon®” 553 7 180 guaiacol catechol, phenol 35 147
38 Co—Mo carbon®”" 553 7 i guaiacol phenol, benzene, cyclohexane i 148
39 Co—Mo ALOs ¢ 573 5 1 anisole phenol, o-cresol, benzene 77 151
40 Co—Mo AlO5%¢ 573 5 ! anisole phenol, o-cresol, benzene 50 P 151
41 Ni—Mo ALOs 573 5 1 anisole phenol, o-cresol 91 151
42 Ni—Mo ALOs 8 573 5 1 anisole phenol, cyclohexane, o-cresol 69 P 151
43 Co—Mo MgO“ 623 5 60 phenol cyclohexylaromatics 17 152
44 Co—Mo—P  MgO° 723 5 60 phenol benzene, cyclohexylaromatics 90 152
45 Co—Mo AlLLO5%8 673 6.9 ! cresols toluene, methylcyclohexane ! 153
46 Fe,0O3 none‘ 723 9.8 50 dimeric species benzenes, monophenols, dimers 3—100 154
47 Fe,03 Al,Osc 723 9.8 50 dimeric species benzenes, monophenols, dimers 12—100 154
48 Ni—Mo AL O3 723 9.8 50 dimeric species benzenes, monophenols, dimers 36—100 154
49 Mo TiO,* 723 9.8 50 dimeric species benzenes, monophenols, dimers 36—100 154
50 Ni—Mo ALO5%8 573—-723 34 ! 4-propylguaiacol propylphenols, ethylphenols, 50—100 q 156
cresols, phenol
51 Mo Al 058 523-723 34 ! 4-propylguaiacol propylphenols, propylbenzenes, 50—100 q 156
propylhexane, dealkylated
products
52 Co—Mo ALO;8 673—723 7 5—60 organosolv lignin insoluble residue i 156
53 Co—Mo ALO;8 673—723 7 60 organosolv lignin insoluble residue/phenols i r 156
54 M’ or ALO;8 623 13.7 i diphenyl ether and phenol, benzene, cyclohexane, i 155
M’—Mo naphthalene mixture tetralin, decalin
55 Mo Al O3 613—723  3.4-17 l depolymerized lignin phenol, cresols,alkylphenols, l 157
alkylbenzenes
56 Co—Mo AlLOs 623—648 10—15 ! depolymerized lignin toluene, ethylbenzene, xylenes ! 158
trimethylbenzenes,
alkylbenzenes
57 Mb—Mo AlLO4 473—573  3.5-13.8 5-15 depolymerized lignin phenols ! 155
58 Ni—Mo AlLO5° 673/648 10/18 ! organocell lignin phenol, cresols, alkylphenols ! s 161
xylenols, guaiacol
59 zeolite A 648 10 i organocell lignin phenol, cresols, alkylphenols ! s 161

xylenols, guaiacol
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Table 4. Continued

reaction conditions

lignin (model) conversion
entry catalyst support T (K) P (MPa)  t (min) compound major products (%) notes  ref
60 Pd activated 653 10 15 organocell lignin oils 15 162
charcoal
61 Fe,05 none 653 10 15 organocell lignin oils 17 162
62 Raney Ni none 653 10 15 organocell lignin oils 53 162
63 Ni—Mo Si0,—ALO; 653 10 15 organocell lignin oils 53 162
64 Ni—Mo zeolite 653 10 15 organocell lignin oils 17 162
65 Ni—Mo Si0,—ALO; 673 10 40 organocell or kraft lignin oils 49—71 163
or zeolite/
66 Co—Mo AlLO;® 523 7.5 1 phenol benzene, cyclohexane 1 t 164
67 Ni—Mo AlLO;® 523 7.5 1 phenol benzene, cyclohexane 1 t 164
68 Co—Mo ALO;¢ 613—628 7 [ 4-methylphenol toluene, methylcyclohexane 80—100 165
69 Co—Mo AlLO;8 523 1.5 1 phenol benzene 36 166
70 Co—Mo AlLO;8 573 1.5 1 phenol benzene cyclohexane/hexene 71 166
71 Co—Mo AlL,O;8 523 1.5 1 anisole o-cresol, xylenol, phenol, 88 166
benzene
72 Co—Mo AlLO;® 573 1.5 1 anisole toluene, phenol, benzene, 97 166
o-cresol
73 Ni—Mo—P ALOs" 623 3.5 1 benzofuran dihydrobenzofuran, ethylphenol, 167
phenol ethylbenzene, toluene,
benzene
74 Co—Mo ALO5“# 583 7 i benzofuran ethylphenol, ethylbenzene 168
ethylcyclohexene,
ethylcyclohexane
75 Ni—Mo ALO5# 633 2 ! benzofuran cyclohexane, ethylcyclohexane 99 u 169
76 Ni—Mo AlLO5® 453 5.5 1 benzofuran octahydrobenzofuran, 97 170
ethylcyclohexane (25% HDO)
dihydrobenzofuran
77 Ni—Mo—P ALOs" 613 7 1 benzofuran dihydrobenzofuran, ethylphenol, 48 171
phenol
78 Ni—Mo—P ALO; 613 7 1 benzofuran ethylphenol, phenol, 81 v 171
ethylcyclohexane
79 Co—Mo none‘ 563—613 2-10 k thiophenes, indoles, phenols cyclohexanes ! 172
80 Co—Mo SiOy* 563—613 2—10 k furanes, phenols cyclohexanes ! 172
81 Ni—Mo ALO5¢ 523—-663 7 ! dibenzofuran cyclohexane, methylcyclopentane 100 173
cyclopentane, benzene,
methylcyclohexane
82 Co—Mo ALOs* 523—-663 7 l dibenzofuran cyclohexane, methylcyclopentane 100 w 173
cyclopentane, benzene,
methylcyclohexane
83 Mo,N 723 0.1 1 benzofuran benzene, toluene, ethylbenzene 35 174
84 Mo,N 723 0.1 ! benzothiophene ethylbenzene 40 174
85 Mo,N 723 0.1 1 indole toluene, benzene, ethylbenzene 20 174
86 Pd carbon 523 5 30 phenol cyclohexanol, cyclohexane 100 175
87 Pd carbon 523 5 30 4-n-propylguaiacol cycloalkanes, cycloalcohols, 100 X 175
methanol
88 Pd carbon 523 5 30 4-allylguaiacol cycloalkanes, cycloalcohols, 99 X 175
methanol
89 Pd carbon 523 5 30 4-acetonylguaiacol cycloalkanes, cycloalcohols, 100 X 175
methanol
90 Pd carbon 523 5 30 4-allylsyringol cycloalkanes, cycloalcohols, 92 X 175
methanol
91 Ni—W Si0,—ALOs* 573—723 35-24 | lignin phenolics l y 176
Si0,—ALO3;—POs*
92 Rh SiO, 573 1 i anisole 1 30 177
93 Rh—Co Al O3 573 1 1 anisole 1 75 177
94 Rh—Co SiO, 573 1 l anisole 1 79 177
95 Rh—Co SiO, 573 1 [ anisole 1 81 177
96 Co SiO, 573 1 ! anisole 1 6 177
97 Rh 71O, 573 1 ! anisole 1 91 177
98 Rh CeO, 573 1 ! anisole 1 95 177
99 Ni SiO, 573 1 I anisole 1 46 177
100 Ni Cr,03 573 1 1 anisole 1 16 177
101 Ni ALOs 573 1 I anisole 1 95 177
102 Ni Zr0, 573 1 I anisole 1 69 177
103 Ni—Cu ALOs 573 1 I anisole 1 99 177
104 Ni—Cu Zr0, 573 1 I anisole 1 60 177
105 Ni—Cu CeO, 573 1 I anisole 1 100 177
106 Pd carbon 473 6.9 ! guaiacol  volatile hydrocarbons, cyclohexanediol 66 178
2-methoxycyclohexanol
107  Ru carbon 473 6.9 l guaiacol 2-methoxycyclohexanol, 100 178
cyclohexanol
108 Pt carbon 473 4 240 lignin monomers, dimers 42 59
109 Pd carbon 523 4 30—120 monomers, dimers alkanes, methanol 95—100 x 59
110V ALO;¢ 623 1 I guaiacol (methylated) phenol 100 z 180
111 Mo none 673 7-10 65 lignin oils ! 182

“With cocatalyst. °M = Ru, Co, Cu, Ir, Re, Pd, Fe, Rh, Pt, or Ni. °Sulfided. “Promoter can be used. ¢ Amorphous. 'Pellets. 9y-Al,0s.
hSeveral carbon supports tested. 'Phosphorus doped. /With CrO on alumina. ¥ Continuous flow. 'Not specified. " Several solvents can be
used. "Phenol is solvent and later lignin tars. ° Reaction mixture with three substrates. ? Pyridine poisoned. ¢ Dimethyldisulfide in feed. "Flow
experiment, products removed. °Lignin was mixed with different lignin-derived slurry oils. 'Inhibited by H,S. “ Lower pressure and temperature,
less hydrogenation. “H,S in feed. " 1/3 active as Ni—Mo. *H;PO,/H,0. ¥ Addition of lower aliphatic alcohols increases phenolics yield. ?In
the presence of a-terpinene.

screened for phenol hydrogenation/hydrodeoxygenation activity; activity would later be confirmed in many of the earlier
the sulfided Co—Mo catalyst provided the best results, giving studies. With the aim of obtaining high-quality gasoline, an
the highest yield of benzene (34%) at 673 K.!*® The superiority advanced process concept was eventually developed by the

of the Co—Mo system in terms of hydrodeoxygenation same group in which hydroxyaromatic compounds were
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converted into single-ring aromatics by dehydroxylation
while avoiding ring saturation.'?’

In general, two separate routes can be discerned if one
aims for the production of valuable bulk chemicals from
lignin. In the first route, various (oxygenated) aromatics can
be produced by depolymerization of lignin itself. In this case,
the product stream can still have a fairly high oxygen content
and products will generally resemble the original building
blocks of lignin, that is, consist of molecules containing
substituted phenol, guaiacyl, and syringyl moieties (see
Figure 13, 129, and Figure 14, 176, for guaiacyl and syringyl
structures, respectively). In the second route, catalyst systems
can also be developed for the conversion and further
upgrading of the product streams of already degraded lignin.
Irrespective of the way in which the macromolecule was
decomposed, these systems should be able to convert
mixtures of the smaller oxygenated aromatic fragments into
alkylated benzenes and phenol. It is important to note that
the goal is to keep the aromaticity of the feed intact in
contrast to hydrodesulfurization and hydrodenitrogenation,
in which the heteroatom is usually removed after full
hydrogenation of the aromatic component. Many of the
studies on model compounds that mimic those bio-oil
components that need to be deoxygenated for stabilization
purposes are relevant with respect to the second route and
will also be discussed below.

Initial studies focused on the hydrogenolysis and hydro-
cracking of the carbon—oxygen bond of simple aromatic
model compounds, such as phenol, o-cresol (Figure 12, 101),
anisole (Figure 12, 86), and guaiacol.!*!3° Basic aspects of
(substituted) phenol HDO were noted. First of all, the
reaction can take two paths, because HDO can be ac-
complished by either direct deoxygenation of phenol leading
to aromatics or ring hydrogenation followed by deoxygen-
ation, the latter route being favored at higher pressures. The
position of substituents on the ring also influenced reactivity,
because ortho-substitution led to lower activity, which was
ascribed to steric hindrance.'*

Bredenberg et al. reported that phenol and o-cresol proved
to be quite stable under mild hydrocracking conditions
(sulfided Ni—Mo/SiO,—Al,Oj5 catalyst, 523—623 K, 5 MPa
H,). A strong influence of temperature not only on conversion
but also on product selectivity was observed for guaiacol.
Depending on the temperature chosen, guaiacol was mainly
converted into phenol (at more elevated temperatures) or
catechol (Figure 13, 130), illustrating the possibility for
control over selectivity in this process. Anisole mainly
yielded phenol, o-cresol, and 2,6-dimethylphenol with con-
stant selectivities over a 523—573 K temperature range.
Oxygen-free aromatics only appeared at higher temperatures
(over 573 K). The lower reactivity of guaiacol compared
with anisole was attributed to a stronger interaction between
the substrate and the support. At higher temperatures rapid
deactivation of the catalyst was observed, thought to be
caused by the large amounts of water released, the loss of
sulfur, and excessive coke formation. Below 523 K, catalyst
activity remained constant for over 50 h, though.'*® These
and other studies demonstrated the feasibility of oxygen
removal at conditions far less than required for thermal
fragmentation and deoxygenation.'*’

Similar observations were made by Hurff and Klein for a
sulfided Co—Mo/AlL,O; catalyst (at 523 K, 3.45 MPa H,) as
guaiacol conversion also mainly yielded catechol and phenol,
after a primary demethylation reaction was followed by
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dehydroxylation. Further hydrodeoxygenation of phenol
yielded benzene and cyclohexane.!*! Anisole gave phenol
as the only primary product, with subsequent conversion to
benzene and cyclohexane. No ring methylation was reported
in this case. Guaiacol disappearance was much faster than
anisole decomposition, indicating that the electronic effect
of the ortho-methoxy substituent is stronger than any steric
hindrance it may cause. Guaiacol was also found to be more
prone to coke formation than anisole. At a slightly higher
temperature and pressure (598 K, 5 MPa H,), excellent
conversion of guaiacol and good selectivity for phenols
(77%) were reported. In this case, the hydrodeoxygenation
reaction was found to coincide with significant ring methy-
lation.'*> A strong temperature dependence was observed as
catechol rather than phenol became the major product at 548
K. A comparison between the different methoxyphenol
isomers led to the suggestion that the different reactivities
are the result of different adsorption modes on the catalyst
surface, with the guaiacol isomer adsorped in an inclined
rather than flat mode.

Kallury et al. tested the hydrodeoxygenation activity of a
Ni—Mo/Al,Oj3 catalyst on a number of substrates, including
phenol, catechol, guaiacol, and syringol.'** Catechol proved
to be more reactive than phenol itself at 623 K, with loss of
one hydroxyl group to give phenol as the major product.
The addition of methanol to the reaction mixture resulted in
significant amounts of ring-methylated products. The addition
of methanol and of water was, however, found to limit the
activity of the catalyst. The deactivating effect was suggested
to arise from competitive adsorption and blocking of the
active sites. Water formation was also thought to be
responsible for the reduced deoxygenation ability, associated
with the molybdenum sites, of the catalyst over several runs.
Interestingly, the hydrogenation properties of the catalyst,
evidently due to nickel, were not affected. The results
obtained with guaiacol resembled those of catechol. Alky-
lated phenols are also detected without the addition of
methanol, which again illustrates that cleavage of the aryl
methyl ethers is a facile process. Syringol is equally reactive
and demethylation and dehydroxylation proved rather ef-
ficient. The ring hydrogenation activity of the Ni—Mo
catalysts was only limited at 623 K under these conditions.!**

It was noted that the studies of Bredenburg and Kallury
were done with poorly sulfided catalysts and therefore might
not present optimal results.'** Laurent et al. attempted to
address this issue by reporting a comparison of the HDO of
guaiacol with both Co—Mo and Ni—Mo catalysts.'** Im-
portantly, they found that the alumina support itself also
showed catalytic activity, because 37% of the guaiacol
substrate was converted to catechol with alumina alone.'*
A comparison was made between Co—Mo and Ni—Mo
catalysts using a mixture of reagents typical of bio-oil
composition, which included guaiacol. The results confirmed
that catechol was formed first as the primary product,
followed by dehydroxylation to phenol (573 K, 7 MPa H,).
No significant methylation was observed in this study,
however. A higher activity was found for the Ni—Mo
catalyst, but the Co—Mo catalysts showed a higher selectivity
for the production of catechol and phenol.'** Indeed, side
reactions are more pronounced with the Ni—Mo catalyst,
which was also reflected by a poorer mass balance at similar
conversion. The impossibility to close the material balance
for both catalysts was attributed to the formation of heavy
products or coke. Given the propensity of guaiacol and
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catechol-like compounds to form polycondensation products
and coke along with the relatively strong interaction of these
compounds with the common alumina support, other neutral
supports such as carbon and silica were subsequently tested
as well.'® Although both alternative supports show 3—6
times lower activity compared with alumina, further confirm-
ing the involvement of acid sites in guaiacol conversion, the
carbon-supported catalyst produced phenol faster than the
alumina-supported one, resulting in a phenol/catechol ratio
seven times greater than that for the alumina-supported
catalyst.'® The latter result indicates that phenol might be
produced directly from guaiacol with this catalyst by
elimination of the methoxyl group. Furthermore, the results
clearly indicated that coking of guaiacol takes place on the
acid sites on alumina. On the other hand, guaiacol conversion
was lower for the silica- and carbon-supported catalysts,
confirming that acid sites are involved also in the steps
leading to product formation. The involvement of acid sites
is further corroborated by the fact that guaiacol conversion
is highly inhibited by ammonia.'*¢ De la Puente et al. noticed
negligible coke formation also on an activated carbon-
supported Co—Mo catalyst. Activated carbons differing in
the nature and amount of functional groups on the surface
were tested, but rather similar results were obtained in the
guaiacol HDO reactions. Moderate conversions of guaiacol
(35% at 553 K, 7 MPa H,) led predominantly to the
formation of catechol and, to a lesser extent, phenol.'*” The
phenol/catechol ratio was found to depend on the extent of
oxygen-functionalization of the amphoteric support. The
nonmodified, least acidic carbon gave a higher yield of
phenol, further confirming the involvement of acid-sites in
the guaiacol-to-catechol-to-phenol route, but not in the direct
conversion of guaiacol to phenol. Ferrari et al. showed that
the nature of the carbon support and the impregnation order
of the metals (Co—Mo or Mo—Co) both have an influence
on catalyst activity and selectivity in the hydrodeoxygenation
of various substrates, but no clear trends emerged for guaiacol
hydrodeoxygenation.'*3

Support effects in hydrotreating catalysts are well-known
and have been extensively studied for hydrodesulfurization
and hydrogenation processes.'* For these hydrotreating
catalysts, it has been well-established that the use of supports
other than alumina, for example, carbon, titania, mixed
oxides, zeolites, or clays, can lead to enhanced catalytic
properties. For hydrodeoxygenation purposes, this topic has
been less well explored.

The origin of the almost exclusive use of alumina as
support can be ascribed to its very good textural and
mechanical properties and its relatively low cost.'* Tt is well-
known, however, and clearly confirmed by the previously
discussed results that the support is not an inert carrier and
that other supports should be explored as well. An additional
reason for the use of alternative supports, in particular with
respect to the conditions encountered in HDO, is the possible
instability of alumina in the presence of high levels of
water.'™® Alumina is known to be metastable under hydro-
thermal conditions, for instance, and partially transforms into
boehmite under processing conditions. A limited number of
studies on support influence on HDO activity and selectivity
have been reported. For instance, the (Lewis) acidity of the
alumina support was shown to be an important characteristic
for the observed demethylation activity with the (substituted)
guaiacol substrates. In addition to this reaction taking place
on the metal, it is also thought to occur on the support surface
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(albeit via a different mechanism). Indeed, anisole demethy-
lation activity (and subsequent ring methylation of the phenol
product) could be partly blocked by selective poisoning of
the acid sites of the support with pyridine.'>! The hydrode-
oxygenation and hydrogenation selectivity was not markedly
affected, however.

MgO was also tested as a support for Co—Mo catalysts,
with the aim of promoting the dispersion of the (acidic)
MoO; precursor on the basic support and inhibiting coke
formation. Hydrotreatment of phenol was conducted using
a sulfidled Co—Mo/MgO catalyst in supercritical hexane
(623—723 K, 5 MPa H,). Additionally, phosphorus-doped
analogues (Co—Mo—P/MgO) were also tested. Phosphorus
doping has been commonly used in attempts to improve the
activity of MoS,-based hydrotreating catalysts in hydrodeni-
trogenation and hydrodesulfurization studies, but information
on its effect on Co—Mo catalysts for hydrodeoxygenation
is limited. Both systems proved to be effective for phenol
hydrodeoxygenation, with Co—Mo—P/MgO giving superior
activity and yielding mainly benzene and some cyclohexyl
aromatics as the products. The MgO-supported catalysts also
showed good resistance to coking.'>?

152

Petrocelli et al. expanded the scope of hydrodeoxygenation
of lignin model compounds by studying the hydrotreatment
of 4-methylguaiacol, 4-methylcatechol, eugenol (Figure 13,
126), vanillin (Figure 13, 124), 0,0'-biphenol (Figure 9, 40),
o-hydroxydiphenylmethane, and phenyl ether over a sulfided
Co—Mo/Al,O; catalyst (at 523—598 K, 6.9 MPa H,). The
latter three substrates mimic some of the thermally more
stable linkages found in lignin.'** For the monoaromatic
compounds, hydrodeoxygenation proceeded predominantly
by demethylation followed by dehydroxylation to a mono-
hydroxyl-substituted intermediate, which finally undergoes
dehydroxylation to an aromatic hydrocarbon; saturation is
observed, but only to a minor extent. The methyl and propyl
substituents of the reactants and products appeared to be quite
stable. This observation is in agreement with previous
findings of Odebunmi et al. after hydrodeoxygenation of
cresol using a Co—Mo/Al,Oj5 catalyst.!> Encouragingly, the
results show that substituted guaiacols and catechols readily
react to form thermally stable phenols during hydrodeoxy-
genation at 573 K, with possible yields of total single-ring
phenols of about 60%. Importantly, char formation was
greatly reduced in comparison to pyrolysis. Reasonable
activity was observed toward hydrocracking of the interaro-
matic ring bonds in the diaromatic substrates with dehy-
droxylation both preceding and following breakage of the
interunit link, although the C—C bond in o0,0'-biphenol
proved stable under the conditions employed.

Koyama reported an extensive comparison of iron and
molybdenum catalysts in the hydrogenation of various model
compounds containing different kinds of ether bonds. The
hydrocracking of lignin model dimers using Fe,O;—S, Fe,O5/
Al,O3;—S, NiO-Mo03/Al,03, and MoO3/TiO,—S between
613 and 723 K was described.!3* The Mo catalysts signifi-
cantly increased the bond cleavage between the aromatic
rings of 4-hydroxydiphenylether, diphenylether, and diphe-
nylmethane, whereas the Fe,O3;/Al,0;—S catalysts only
slightly promoted bond cleavage between the aromatics of
these compounds.'>* The higher activity of the molybdenum-
based catalysts led to the conclusion that these catalysts are
more likely to give higher monophenol and benzene yields
in lignin hydrocracking processes.!*
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Figure 16. Variation in C—O hydrogenolysis activity (k;) for
M—Mo/Al,Oj catalysts as a function of periodic table position of
M, adapted from Shabtai et al.'>

Shabtai et al. presented a thorough investigation into the
activities of first, second, and third-row transition metals as
possible promoters for supported molybdenum sulfide cata-
lysts.!>> Although their initial interest was in the preparation
of new catalysts with improved hydrodeoxygenation activity
for coal- and peat-derived liquids, the hydrodeoxygenation
results of the model compounds studied are also relevant
for lignin product streams. The systematic study consisted
of C—0O bond hydrogenolysis of diphenyl ether of a series
of sulfidled M—Mo/Al,O5 catalysts (M = Cr, Fe, Co, Ni,
Ru, Rh, Pd, Re, Ir, or Pt, at 623 K, 13.8 MPa H,). The
corresponding M/ALOj; catalysts (i.e., without molybdenum)
were also tested. The Co—Mo, Rh—Mo, and Ru—Mo
catalysts showed the highest hydrogenolysis activity, in that
order, although considerable ring hydrogenation activity was
also observed with Co—Mo (see Figure 16). The Ru—Mo
catalyst provided the highest selectivity for hydrogenolysis.
The Ni—Mo catalyst yielded the lowest hydrogenolysis
selectivity, mainly because of high ring hydrogenation
activity.

Ratcliff et al. studied a sulfided Co—Mo/Al,O5 catalyst
for the hydrodeoxygenation of both model compounds and
organosolv lignin in a batch reactor with the aim of
converting the obtained (substituted) phenols into phenyl
methyl ethers, which can be blended into gasoline.'*® Various
parameters were tested and 1-methylnaphthalene was used
as the solvent, which, it was later discovered, acted as a
reagent rather than as an inert solvent. Phenol yield, although
low overall (10 wt %), could be considerably improved if
the reaction was carried out under flow rather than batch
conditions. A significant amount of char was formed as well
in all the lignin hydrodeoxygenation experiments (14 wt %
of lignin charged). The model compound 4-propylguaiacol
could, depending on the temperature used, be converted into
catechols (<573 K), phenols, or saturated and aromatic
hydrocarbons (>673 K). The use of a Ni—Mo catalyst on a
more acidic support, a phosphated alumina, resulted in higher
dealkylation activity and subsequently higher yields of cresols
and phenol.

Related to this study is a patented hydrocracking process
in which kraft lignin is used to produce monoaromatic
phenol-containing products from lignin-containing feed-
stocks. The Hydrocarbon Research Institute’s (HRI) lignol
process combines a hydrotreatment step in an ebullated
catalyst bed reactor with a subsequent thermal dealkylation
step. Using a catalyst comprised of an (Co- or Ni-promoted)
iron or molybdenum oxide on alumina, a 37.5% yield of
phenols is claimed (wt % based on organic content of
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lignin).'>” The yield of monophenols by the HRI process is
quite high and corresponds to approximately 60% of the
aromatic rings making up the lignin molecule. It exceeds
the conversion obtained in the Noguchi process, although
the HRI results have not been independently confirmed.

Shabtai et al. patented a two-stage, catalytic reaction
process for the conversion of lignin into a reformulated
hydrocarbon gasoline product with a controlled amount of
aromatics.'>® The (wet) lignin material is first subjected to a
base-catalyzed depolymerization step in a supercritical
alcohol, followed by a two-step hydroprocessing reaction to
produce the reformulated hydrocarbon gasoline mixture. Of
particular interest, the first hydroprocessing treatment of the
depolymerized lignin products, primarily methoxy-substituted
alkylphenols, entails an exhaustive dehydrodeoxygenation
using a sulfided Co—Mo/Al,O5 catalyst system. The hydro-
deoxygenation step (at 623—648 K, 9.7—15.2 MPa H,) yields
mainly a mixture of alkylated benzenes but hardly any
benzene (undesired for gasoline applications because it is a
known carcinogen) itself. In yet another patent, lignin is also
subjected to a base-catalyzed partial depolymerization first,
followed by stabilization through partial hydrodeoxygenation
using a sulfided catalyst system M—Mo supported on Al,O;
or on activated carbon (M = Co, Rh, Pd, Ru, or Pt). These
catalysts, which were already demonstrated to be effective
C—0 bond'*® and C—N bond"’ hydrogenolysis catalysts,
were also used as lignin hydrocracking/ring hydrogenation
catalysts.!3® Shabtai et al. reported conversion of over 95%
of methoxyphenols and benzenediols to phenol-based prod-
ucts having a single oxygen moiety. Finally, the product is
converted to biofuel via further refining steps.'® A general
drawback of processes such as those mentioned above is that
they suffer from coke formation, which limits the capacity
and lifetime of the catalyst and can cause blocking of the
reactor.'?

Meier et al. subjected organocell lignin to catalytic
hydrocracking using a lignin-derived slurry oil with the
objective of maximizing phenol yields.'®! Up to 12.8 wt %
of a mixture of monophenols and little coke formation was
obtained using a spent, conventional Ni—Mo hydrocracking
catalyst. Of the parameters studied, hydrogen pressure proved
the most important. A number of lignins were also subjected
to catalytic hydropyrolysis using various different catalysts
in a gas—solid type reaction to exclude any influence of the
solvent or pasting oil on the origin of the degradation
products. Of the catalysts tested, Ni—Mo/Al,0;—Si10, and
Pd/C gave the highest yields of liquid products (oil) and the
least amount of char formation. The Ni—Mo catalyst gave
the best results in terms of phenol production, while mostly
alkylated cyclohexanones were obtained with Pd/C.'%2

Several different catalysts were studied in the conversion
of five different softwood and hardwood kraft lignins and
one softwood organocell lignin into oil-like products. Highest
yields were obtained for the organocell lignin with a catalyst
mixture of sulfided Ni—Mo/Al,0;—Si0, and Cr,0O3/Al,03
resulting in at most 10 wt % of the lignin feedstock converted
into alkylbenzenes and phenols, in addition to unidentified
products.'®?

In some cases, the low sulfur content of bio-oils or lignin
product streams demands the addition of a sulfiding agent
to the feed to maintain the sulfidation degree and conse-
quently the activity of the catalysts.*® The addition of the
sulfiding agent affects the hydrodeoxygenation process and
differences have been observed for different classes of
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substrates on how particular pathways and catalyst activity
are influenced by such additives. Whereas a promoting effect
was observed for aliphatic oxygenates, hydrodeoxygenation
activity of phenolic compounds was generally found to be
suppressed on sulfided Ni—Mo and Co—Mo catalysts. 31647160
The addition of H,S, for instance, suppressed direct hydro-
genolysis of phenol due to competitive adsorption.'®* Senol
et al. compared the influence of increasing concentrations
of H,S on phenol hydrodeoxygenation with both sulfided
Co—Mo and Ni—Mo catalysts under identical conditions.!¢*
On both catalysts, the HDO conversion of phenol decreased
with increasing H,S concentration in the feed. Hydrodeoxy-
genation of phenols is generally accepted to proceed via two
parallel reaction pathways: the direct hydrogenolysis route
involving cleavage of the C—O bond giving aromatic
products, or ring hydrogenation prior to C—O bond cleavage
(hydrogenation—hydrogenolysis) yielding saturated hydro-
carbons. The yields of both aromatics and saturated hydro-
carbons dropped upon introduction of H,S, but not to the
same extent. The decrease in molar ratio of aromatics to
saturated hydrocarbons was minor with the Ni—Mo catalyst,
indicating that both pathways were equally affected. The
addition of H,S to phenol hydrodeoxygenation over a sulfided
Co—Mo/Al,O;, on the other hand, suppressed the direct
hydrogenolysis route but not the combined hydrogenation—
hydrogenolysis route. This observation supports the idea that
the two reactions take place at different sites. Although only
a minor pathway in the absence of H,S, the latter route thus
becomes more important with increasing concentrations of
the sulfiding agent as the direct hydrogenolysis route
becomes increasingly blocked. The inhibiting effect of H,S
was interpreted in terms of competitive adsorption of phenol
and H,S on the catalytic sites, that is, coordinatively
unsaturated sites associated with the MoS, phase. Interest-
ingly, the addition of H,S did not solve the deactivation
problem of the sulfidled Co—Mo catalyst, hinting at the
influence of the formation of coke and high molecular weight
compounds on catalyst performance.'®® Laurent et al. also
noted that hydrogenolysis was affected more than hydroge-
nation upon addition of H,S for both Co—Mo and Ni—Mo
catalysts.'®> As expected, the Co—Mo catalyst activity is
more sensitive to H,S as the dominant hydrogenolysis
pathway becomes inhibited. It was also noted that the activity
and selectivity of Co—Mo and Ni—Mo catalysts in 4-me-
thylphenol hydrodeoxygenation was not substantially affected
by the presence of added water. Pretreatment of a sulfided
Ni—Mo catalyst with water under hydrotreating conditions
did, however, result in a loss of two-thirds of the initial
activity after 60 h, but the hydrogenolysis/hydrogenation
selectivity remained unchanged. Partial recrystallization of
the support into a hydrated boehmite phase was observed
together with partial oxidation of the nickel sulfide phase
into oxidized nickel species.'>"

Benzofuran (Figure 10, 68) has been used as a common
probe molecule to evaluate catalyst performance in hydro-
deoxygenation reactions, and various studies using Ni—Mo
or Co—Mo catalysts have been reported, with the former
being more active for this substrate.'®” 173 As indicated
above, the reduced benzofuran derivative, 2,3-dihydroben-
zofuran, resembles some of the cyclic ethers found in lignin
and is therefore studied as a model compound of this linkage.
Different hydrodeoxygenation routes have been suggested
depending on the catalyst and conditions used, but ethylcy-
clohexane is commonly obtained as the major product.
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Product distribution was found to depend strongly on
temperature and hydrogen pressure employed. For sulfided
Ni—Mo/Al,O;3, for instance, hydrogenation of the benzofuran
heterocycle to 2,3-dihydrobenzofuran is followed by hydro-
genolysis, producing 2-ethylphenol. Further hydrogenation/
dehydroxylation leads to loss of aromaticity and ethylcyclo-
hexane formation but only at higher temperatures. A reduced
Ni—Mo catalyst showed much higher hydrogenation activity,
which resulted in ring saturation being favored over the
hydrogenolysis route.'*®*!7" The activity of Mo,N for ben-
zofuran hydrodeoxygenation has also been investigated, and
molybdenum nitride was found to be an effective catalyst
as rapid hydrogenation of the heterocyclic ring, followed by
hydrogenolyis of the ether and release of the heteroatom
yielded a mixture of alkylated aromatics, that is, benzene,
toluene, and ethylbenzene in approximately equal amounts.'”*

Interesting effects of adding H,S to the feed for the
sequential deoxygenation of benzofuran and its products were
observed with Co—Mo and Ni—Mo catalysts. The addition
of H,S was found to have a major influence on benzofuran
hydrodeoxygenation over sulfided Ni—Mo—P/AlL,O;, as
benzofuran conversion increased significantly giving 2-eth-
ylphenol as the major product.'”! The influence on each
individual step of the reaction pathway was more subtle,
however. Both Bunch et al. and Romero et al. found, for
instance, that while H,S promoted the conversion of dihy-
drobenzofuran to 2-ethylphenol, it inhibited the conversion
of 2-ethylphenol to ethylbenzene.'®~'"! These phenomena
can be explained by the role of H,S in filling vacancies in
the MoS, phase, leading to an interconversion of direct
deoxygenation sites to hydrogenation sites.!”!

6.2.1.2. Nonconventional Hydrodeoxygenation Catalysts.
Some disadvantages that are associated with conventional
hydrodeoxygenation catalysts are possible contamination of
products by incorporation of sulfur, rapid deactivation by
coke formation, and potential poisoning by water. These
issues arise especially with biomass feedstocks and thus have
prompted efforts to explore alternative hydrogenation cata-
lysts.!”>

Thring et al. used a Ni—W/SiO,—AlL,O; catalyst for
hydrocracking of solvolysis (Alcell) lignin in the presence
of tetralin, a hydrogen donor solvent at little or no hydrogen
pressure. Reactions conditions were deemed insufficient to
degrade the lignin to liquid and gaseous products, because
conversion did not exceed 50% at the highest severity
conditions. Recondensation appeared to dominate hydroc-
racking, which was attributed to insufficient amounts of
hydrogen atoms released by the solvent to stabilize the lignin
fragments. Recondensation poses a general problem in lignin
degradation, as mentioned previously. Size exclusion chro-
matography studies showed that lignin was nevertheless
increasingly depolymerized, but yields of monomeric prod-
ucts were very low.” A patent by Engel et al. claimed that
hydrocracking of kraft lignin afforded phenolics in high
yields using a supported Ni—W catalyst. Using a mildly
acidic support and various additives, high yields of phenols
and cresols were obtained.!”

In search of a stable and active nonsulfided hydrodeoxy-
genation catalyst, which would dispense with the need to
possibly add a sulfur source to the feed and give less rise to
coking, Yakovlev et al. tested a number of metals and
supports for anisole hydrodeoxygenation activity. The sup-
port was again found to play a major role, and zirconia and
ceria, which can have a valence change under hydrodeoxy-
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genation conditions, proved the most effective because of
possible additional activation of oxy-compounds on the
support surface. Various supported rhodium catalysts per-
formed well with good selectivity for aromatic products in
some cases. The influence of the support was clearly
illustrated by a comparison of Ni—Cu/ZrO, and Ni—Cu/
CeQO,, because the former gave mostly aromatic products and
the latter full conversion to cyclohexane.!”’

Elliott et al. reported on the use of Ru/C and Pd/C for the
catalytic hydroprocessing of guaiacol (among others), which
was used as a chemical model for bio-oil. The supported
platinum-group catalysts are known to be more active than
the sulfided Mo-based ones and can therefore be used at
lower temperatures, and nonalumina supports such as carbon
or TiO, avoid water instability associated with Al,O3.'”® The
Ru-catalyzed reactions of guaiacol yield methoxycyclohex-
anol and cyclohexanediols at 423 K, cyclohexanol at 473
K, and gasification products at temperatures exceeding 523
K. In contrast, Pd-catalyzed reactions yield methoxycyclo-
hexanone at 423 K, cyclohexanol and cyclohexane at 523
K, and cyclohexane and a considerable amount of methanol
at temperatures exceeding 573 K.!” Although different
products are obtained for the two different metals, substrate
hydrogenation and loss of aromaticity rather than hydrode-
oxygenation is observed for both. Similarly, Zhao et al.
recently showed that a combination of Pd/C (or Pt/C, Ru/C,
or Rh/C) and a mineral acid could completely convert
phenolic bio-oil components (phenols, guaiacols, and syrin-
gols) to cycloalkanes and methanol, that is, full hydrogena-
tion and deoxygenation was achieved.'” No direct hydro-
genolysis of phenol to benzene was observed. This result is
in stark contrast with sulfidled Co—Mo catalysts, which
mainly yield benzene with little formation of cyclohexane
from phenol. Guaiacol and syringol substrates showed fast
ring hydrogenation before removing oxygen functional
groups to form cycloalkanes with high selectivity.

De Wild et al. recently reported on the hydrotreatment of
a pyrolytic lignin oil fraction obtained from Alcell lignin
using a Ru/C hydrogenation catalyst. Full reduction of the
aromatic compounds was observed; cycloalkanes, alkyl-
substituted cyclohexanols, cyclohexanol, and linear alkenes
were identified as the major products. This fast and full
hydrogenation led to the conclusion that Ru/C is too active
a catalyst for the desired conversion of the pyrolytic lignin
oil to low molecular weight phenolics.'”

A two-step process for the selective degradation of actual
wood lignin over noble-metal catalysts has also been
communicated. In a first step, catalytic cleavage of the
C—0O—C bonds (without disrupting the C—C linkages) in
white birch wood lignin was achieved using a series of active
carbon supported catalysts, that is, Ru/C, Pd/C, Rh/C, and
Pt/C, under modest H, pressures and using acidified, near-
critical water as the solvent. The Pt/C catalyst gave the best
results, and four monomers, namely, guaiacylpropane, sy-
ringylpropane, guaiacylpropanol, and syringylpropanol, were
identified as the main constituents of the product stream.
Combined total yields of monomer and dimer products
reached about 45 (close to the calculated theoretical maxi-
mum) and 12 wt %, respectively. In a second step, the
products could be further hydrogenated over Pd/C with
excellent yields to the corresponding fully saturated hydro-
carbons for eventual application in transportation fuel pro-
duction.>
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In an alternative approach, Filley et al. reported the
reductive deoxygenation of guaiacol (as well as catechol) in
the presence of the cheap reductant o-terpinene catalyzed
by vanadium on alumina at atmospheric pressure. Phenol
and methyl-substituted phenols were obtained in high yields
and with excellent selectivity.!®® Nickel boride was also
communicated as an effective catalyst for the preparation of
4-ethylguaiacol and 4-ethylsyringol from various wood meals
at 453 K and 13 MPa H, in basic medium.'8! The nickel
boride catalyst was generated within the wood structure by
impregnating the wood with a nickel salt, followed by
reaction with sodium borohydride. Yields of phenolics of
up to 69% showed that this catalyst system might provide
an easy to prepare, nonpyrophoric, and cheaper alternative
to noble metal catalysts such as rhodium or palladium. In a
somewhat similar approach, Oasmaa and Johansson impreg-
nated kraft pine lignin with an aqueous solution of am-
monium heptamolybdate and hydrotreated after drying at 8
MPa H, and 723 K, with or without additives such as sodium
hydroxide or carbon disulfide. High yields (61% of the
original lignin) of low molecular weight oils were obtained,
consisting mainly of phenols, benzenes, naphthalenes, and
cyclohexanes. The catalyst remained in the solid residue and
was easily separated.'®?

As mentioned above, dihydrobenzofuran is studied as a
model compound for some of the cyclic ether structures that
can be found in lignin. A Cu-doped Mg—AIl mixed metal
oxide was found to transfer H, equivalents from methanol
to dihydrobenzofuran under supercritical conditions leading
first to hydrogenolysis of the ether bond and subsequently
to hydrogenation of the aromatic ring, resulting in the
formation 2-ethylcyclohexanol. Significant amounts of me-
thylethylcyclohexanols were also found in the product
mixture. Methanol served as a relatively inexpensive source
of in situ production of H, equivalents in this reaction.”’

Finally, BASF has recently patented the use of supported
or unsupported transition-metal carbides, tungsten carbide,
in particular, for the hydrogenation of lignin in a single stage
process under relatively mild conditions (403—463 K, 7—14
MPa H,). The catalyst can cope with both sulfur-rich and
sulfur-poor lignin streams to yield mainly a mixture of low
molecular weight oligomers, consisting of, for example,
dimers and trimers of coniferyl and coumaryl alcohols.'®?

6.2.2. Electrocatalysis

For efficient lignin degradation by a hydrogenation
process, hydrogenolysis of the ether bonds needs to be much
faster than the hydrogenation of the aromatic rings. Some
efforts have been aimed at achieving this by electrocatalytic
hydrogenation instead of the more classical hydrogenation
routes. Chemisorbed hydrogen, generated in situ on the
electrocatalyst surface by water electrolysis, reacts with the
adsorped organic substrate, bypassing the kinetic barrier
related to low solubility of hydrogen and to its dissociative
adsorption. The reactions can be carried out at relatively low
pressures and temperatures with possibly fewer or no side
reactions. Electrocatalytic hydrogenation is, therefore, ex-
pected to be more selective than catalytic hydrogenation.'$*
Competing hydrogen evolution can, however, significantly
hamper hydrogenation activity. A summary of electrocata-
Iytic lignin hydrogenation reactions is given in Table 5.
Mahdavi et al. evaluated the potential of electrocatalytic
hydrogenation by studying some model compounds in
aqueous ethanol, using Raney-Ni electrodes. Highly selective
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Table 5. Electrocatalytic Systems for the Hydrogenation of Lignin Model Compound

electrocatalyst/ o
entry electrode solution T(K) I(mA) (Fmol) substrate products conversion (%) ref
1 Raney Ni EtOH-H,O/NaCl 323 20 2 a-0O-4 dimer b 70—100 184
2 Pd/C, Pd/A1,0; 1 M NaOH 323 5 6 4-0-5 dimer phenol, 4-phenyloxyphenol b 185
3 Raney Ni 1 M NaOH 323 5 6 4-0-5 dimer phenol, cyclohexanol b 185
4 Raney Ni 1 M NaOH 323 5—20 18 [-0-4 dimer  guaiacol, o-methylvanillin, 100 186

4-ethylphenol, acetovanillone

@ Charge corresponding to the number of moles of electrons per mole of substrate. ® Not specified.

Table 6. Homogeneous Catalytic Systems for the Hydrogenation of Lignin (Model Compounds)

reaction conditions

T P t conversion
entry catalyst (K) (MPa) (min) substrate products (%) notes  ref
1 (1,5-hexadiene)RhCI dimer” g 0.1 h  phenol cyclohexanol h 190
2 colloidal rhodium g 5 h  methylanisole methylcyclohexane, ) 100 191
1-methyl-2-methoxycyclohexane,’
methylcyclohexanone
3 [(1,5-C¢H;0)RhCI],” g 0.1 3000  propylphenol cis-4-propylcyclohexanol, 100 192
trans-4-propylcyclohexanol,
4-propylcyclohexanone
4 [(1,5-C¢H;0)RhCI],” g 0.1 3000  2-methoxy-4-propylphenol cis-2-methoxy-cis-4- 100 192
propylcyclohexanol,
cis-2-methoxy-trans-4-
propylcyclohexanol
5 [(1,5-C¢H;0)RhCI],? g 1.4 3000  2,6-dimethoxy-4-propylphenol  cis-2,6-methoxy-4- 100 192
propylcyclohexanol
6 rhodium nanoparticles® 293 0.1 1500  anisole methoxycyclohexane 100 193
7 rhodium nanoparticles® 294 0.2 1500  phenol cyclohexanol 100 193
8 oxo-trirhodium(II)acetate? 313 0.1 h anthracene 1,2,3,4-tetrahydroanthracene, h J 194
1,2,3,4,5,6,7,8-octahydroanthracene
9 [(CeHp)4RusH4]CL¢ 363 6 14 acetophenone methylcyclohexylketone, 64 195
phenylethanol,
cyclohexylethanol
10 [(C¢Hs)4Ru H4]1CL¢ 363 6 14 anisole methoxycyclohexane 22 195
11 [(C¢Hg)4RuHy]Cly¢ 363 6 20  methylbenzoate methylcyclohexanoate 66 195
12 [Ru(CsHs)CI(TPPDS),]¢ 378 9.7 180  toluene probably methylcyclohexane 65 196
13 rhodium nanoparticles’ 348 4 600  4-methoxyphenol 4-methoxycyclohexanol, 21 197
1-methoxy-4-cyclohexenol
14 rhodium nanoparticles’ 348 4 600  4-propylphenol 4-propylcyclohexanol, 11 197
4-propylcyclohexanone,
1-propane-4-cyclohexenol
15 NaBH, + I, g 5 h  ethanol organosolv lignin lower M,, lignin (12% decrease) h k 198
16 RuCl,(PPh3); g 5 h  ethanol organosolv lignin lower M,, lignin h l 198

“With phase transfer catalyst. ® With Bu,NHSO, phase transfer agent. °Stabilized by surfactant. ¢ Active after reduction with H,. °Biphasic
conditions. ' In ionic liquids. ¢ Room temperature. " Not specified. ' Two isomers. / Extremely air sensitive. ¥ Most completely soluble product. 'More

hydroxyl groups.

cleavage of various model compounds could be achieved
by optimizing substrate concentration, current density, and
temperature, illustrating the feasibility of the approach. '8
The electrocatalytic hydrogenolysis of 4-phenoxyphenol, a
model for the 4-O-5 type linkages found in lignin, was tested
using a number of different catalysts. Raney Ni and Pd
supported on alumina or carbon showed high efficiencies of
electrohydrogenolysis to phenol.'® Several phenolic lignin
model compounds that included 5-O-4 linkages were also
subjected to electrocatalytic hydrogenation using Raney Ni
and Pd-based electrodes. The ether bonds were readily
cleaved at room temperature in basic aqueous medium to
give a mixture of phenolic compounds.'® No study on the
electrocatalytic hydrogenation of lignin, rather than its
models, has been reported to date.

6.2.3. Homogeneous Catalysis

Compared with the number of heterogeneous catalysts
developed for lignin reduction, relatively few examples of
homogeneous catalysts for lignin reduction have been
reported. A summary of the homogeneous catalyst systems
is given in Table 6. The most relevant studies were conducted
by Hu and co-workers, who reported that a di-u-chloro-
bis(77*-1,5-hexadiene)-dirhodium(I) complex effectively cata-

lyzed the hydrogenation of the lignin model compounds
4-propylphenol, eugenol, 1,2-dimethoxy-4-propylbenzene,
and 2,6-dimethoxy-4-propylphenol at 298 K in a two-phase
hexane/aqueous medium.'®” The complex preferentially
hydrogenated double bonds followed by aromatic rings and
carbonyl groups in the model compounds. Similar results
were also obtained with colloidal rhodium complexes in
aqueous ethanol.'®®

In contrast to the work of Hu and co-workers, who used
lignin model compounds, the focus of other studies of
homogeneous hydrogenation catalysts has centered on simple
arene compounds, which otherwise lack the ether linkages
or the functional groups found in lignin. Since the hydro-
genation of aromatic compounds that do not resemble lignin
is beyond the scope of this review, only a few recent
examples of homogeneous hydrogenation catalysts are given.
The following complexes show arene hydrogenation activity
but have not yet been analyzed in terms of the ability to
disrupt the specific linkages in lignin. The most useful
application of these catalysts is for the hydrogenation of
highly degraded aromatic hydrocarbons with limited func-
tionalities such as those indicated in Figure 15. A review on
soluble transition-metal nanoclusters used for the hydrogena-
tion of arenes was published by Widegren and Finke.!'®
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Although a majority of the examples involve simple arenes
such as benzene, several references describe the hydrogena-
tion of compounds resembling lignin model compounds.
Several examples were provided of the Rh—catalyzed
hydrogenation of the aromatic ring of 4-methylanisole,'*
2-methylanisole,'! 2,6-dimethoxy-4-propylphenol,'*? or m-
cresol.'”> The clusters showed high selectivity for the
formation of the all-cis diastereomers,'®® which could have
important implications if these catalysts are employed for
the selective hydrogenation of lignin. Advantages of using
nanoclusters over heterogeneous catalysts include the relative
ease of study because of solubility and lack of support, good
activity under mild conditions, and high ligand-modified
selectivity.'®® The primary disadvantages include poor ther-
mal stability since the bulk metal is thermodynamically more
stable, separation problems commonly associated with
homogeneous catalysts, and possible catalyst precipitation,
especially with changes in solvent polarity.'® Lamping and
co-workers used us-oxotrirhodium acetate to hydrogenate
several aromatic compounds such as benzene, toluene, and
phenol at 298—353 K in dimethylformamide.'** The Rh(III)
cluster hydrogenated anthracene with a maximum turnover
frequency of ~3.2 x 107 s7! but was extremely air-
sensitive; however, the SiO,-supported Rh;O analogue was
stable in air.!”* Plasseraud reported the hydrogenation of
several benzene derivatives using [(7°-CsHg)sRusHg]Cl,
clusters at 363 K and 6 MPa H,.'> Although these clusters
hydrogenated toluene with a maximum turnover frequency
of 6.9 x 1072 57!, they were considerably less effective for
functionalized aromatics, such as those found in the lignin
polymer. Reduced activity, for example, was obtained for
anisole hydrogenation (turnover frequency of 4.6 x 1073 s™)
and reduced selectivity if other reducable functionality exists
on the arene.!> Sudrez and co-workers reported the hydro-
genation of toluene, benzene, and m-xylene using [Ru(7’-
CsHs)CI(TPPDS),] where TPPDS = P(CcHs)(CsH4SO57), at
378 K and 9.65 MPa H,'% in a biphasic n-heptane/water
medium. In this experiment, the complex was dissolved in
the water phase, which could be reused several times with
little loss in activity.'”® Zhao and co-workers described the
use of Rh nanoparticles dispersed in an ionic-liquid-like
copolymer, poly[(N-vinyl-2-pyrrolidone)-co-(1-vinyl-3-bu-
tylimidazolium chloride)] for the hydrogenation of several
aromatic compounds.'”” The products were readily separated
from the reaction medium without contamination of the
catalyst.'”” Recently, in their efforts to produce ethanol and
other high value chemicals from lignin, Nagy and co-workers
demonstrated the use of the common hydrogenation catalyst
Ru(PPh3);Cl, for the hydrogenation of organosolv lignin.'%
This catalyst, along with Raney Ni, Pt/C, and NaBH,/I,,
could cleave 4-O-5 and aryl-O-aliphatic linkages to yield
products with decreased oxygen functionality.'?®

6.3. Lignin Oxidation

Whereas reductive reactions tend to disrupt and remove
functionality in lignin to produce simpler phenols, oxidation
reactions tend to form more complex aromatic compounds
with additional functionality. Many of these chemicals either
serve as platform chemicals used for subsequent organic
synthesis, or they serve as target fine chemicals themselves.
The catalytic processes involved in the oxidation of lignin,
including their historical development in the paper pulping
industry, are considered below.
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6.3.1. Heterogeneous Catalysis

Heterogeneous oxidative catalysts have played an impor-
tant role in the pulp and paper industry as a means to remove
lignin and other compounds from wood pulps in order to
increase the quality of the final paper product. Table 7 lists
a summary of lignin heterogeneous oxidation catalysts,
reaction conditions, and results. The first examples include
photocatalytic oxidation catalysts, which were designed to
remove lignin from paper industry wastewater streams. The
most common catalysts involve TiO,'* or supported precious
metals, such as Pt/TiO,,?*° which were found to efficiently
degrade lignin using ultraviolet light. The addition of small
quantities of Fe>" provided an increase in lignin photooxi-
dation efficiency using TiO, catalysts.?’! The use of UV light
was necessary to displace the valence-band electrons in the
TiO,, which was necessary to initiate the oxidation.'” Other
examples include Ni/MgO catalysts used in the gasification
of lignin to H,, CHy, and CO,,"' or methylrhenium trioxide
catalysts immobilized on poly(4-vinyl pyridine) or polysty-
rene.’”? The latter catalyst was found to oxidize phenolic,
nonphenolic, monomeric, and dimeric lignin model com-
pounds in addition to sugar cane lignin and red spruce kraft
lignin for treatment of kraft pulp.2°>?*® Vanillyl and veratryl
alcohol were oxidized to the acids, aldehydes, and quinones
in up to 49% yield with the balance forming polymeric
products.?’22% Herrmann and co-workers also applied me-
thylrhenium trioxide in the presence of H,O, for the oxidation
of isoeugenol (Figure 13, 121) and trans-ferulic acid (Figure
13, 115) to produce vanillin.?** The catalyst was found to
cleave the C—C double bond to yield either the aldehyde or
the acid depending on the reaction conditions. The catalyst
was found to deactivate through the formation of a perrhenate
species after 1000 to 2000 cycles, but a one-pot method to
reactivate the catalyst was described.?” Sales and co-workers
recently investigated the applicability of Pd/Al,O; catalysts
for the oxidative conversion of alkaline lignin extracted from
sugar cane bagasse in both batch slurry and continuous
fluidized-bed reactors.??® Approximately 0.56 g of vanillin
and 0.50 g of syringaldehyde were obtained from 30 g of
lignin at 393 K after 2 h.'® Bhargava and co-workers
described the catalytic wet oxidation of ferulic acid using
single-metal (Cu), bimetal (Cu—Ni, Cu—Co, and Cu—Mn),
and multimetal (Cu—Ni—Ce) alumina-supported catalysts,
Cu and Cu—Mn kaolin-supported catalysts, and multimetal
oxide (Cu—Co—Mn and Cu—Fe—Mn) catalysts.””” Cu—Ni—Ce/
Al Oj; catalysts were most active but were susceptible to
catalyst leaching.?’” Cu—Mn/Al,O3 was the most stable and
was second to Cu—Ni—Ce/AlL,O; in terms of activity of the
nine catalysts studied.?’’ Citing the desire to replace “toxic”
metal ions (i.e., Sr, Ce, Co, and Mn) in pervoskite-type
oxides with “nontoxic” iron to avoid environmental pollution,
Zhang and co-workers recently reported the use of the
perovskite-type oxide LaFe,;—_,Cu,O; (x = 0, 0.1, 0.2) for
the wet aerobic oxidation of lignin.?® Improvements in
aromatic aldehyde yields and conversion were reported, and
the catalyst was stable after a series of successive recy-
cling.2

6.3.2. Electrocatalysis

Several electrochemical studies have been conducted
relating to the decomposition of lignin on various electrodes.
Pardini and co-workers studied the anodic oxidation of lignin
model compounds in methanol and observed the cleavage
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Table 7. Heterogeneous Catalytic Systems for the Oxidation of Lignin (Model Compounds)

reaction conditions

lignin/model yield conversion
entry catalyst oxidant solvent T (K) P (MPa) t(h) compound products (%) (%) notes ref
1 TiO, a H,O 293 a 6 alkali lignin a a e 199
2 TiO, a H,O 293 a 6 humic acid a a e 199
3 TiO, a H,O a a 1 Aldrich commercial a a 200
lignin powder
4 Pt/TiO, a H,O a a 1 Aldrich commercial a a 200
lignin powder
5 Fe*™/TiO, a H,O 293 a 0.25 Aldrich synthetic lignin a a e 201
6 Pd/Al,O4 0, NaOH/H,0” 373—413 0.2—1 2.5 alkaline lignin from vanillin a 206
sugar bagasse
syringaldehyde a
p-hydroxybenzaldehyde a
7 Ni/MgO a H,O¢ 673 a 2 organosolv lignin carbon gases 45.4 116
hydrogen 99.2
THF insolubles 74.0
8  CH;3;ReOs H,O0, CH;COOH d a a hydrolytic sugar cane ligin  aliphatic OH 0.921 202, 203
syringol OH 0.29
guaiacyl OH 0.354
p-hydroxy phenyl OH 0.548
COOH 1.26
9  CHjReOs H,O0, CH3;COOH d a a red spruce kraft lignin aliphatic OH 0.904 202, 203
syringol OH 0.984
guaiacyl OH 0.606
p-hydroxy phenyl OH
COOH 0.535
10 CH3zReO; H,O, CH3COOH d a a hardwood organosolvent aliphatic OH 0.528 202, 203
lignin
syringol OH 0.289
guaiacyl OH 0.173
p-hydroxy phenyl OH
COOH 1.504
11  CH;ReO; H,0, CH;COOH d a a vanillyl alcohol see schemes/ 202, 203
12 CH;ReO4 H,O, CH3COOH d a a veratryl alcohol see schemes/ 202, 203
13 CH3ReO; H,O, CH3;COOH d a a -O-4 model compounds see schemes/ 202, 203
14  CH3ReO; H,O, CH3COOH d a a a-1 model compounds see schemes/ 202, 203
15 CH3zReOs; H,0, tert-butanol 333 a 10 isoeugenol/trans-ferulic acid vanillin 100 204
16 Cu—Ni—Ce/Al,O; O, H,O 373 0.173 (0y) 2 ferulic acid degraded products a 207
17  Cu—Mn/AlLO3 0, H,O 373 0.173 (0y) 2 ferulic acid degraded products a 207
18 LaFe,,Cu,04 0, NaOH/H,0" 373 0.2 (0y) 3 enzymatic hydrolysis of p-hydroxybenzaldehyde 10—20 208
(x = 0,0.1,0.2) steam-explosion cornstalks
vanillaldehyde 10—20
syringaldehyde 10—20

@ Not specified. ®2 mol/L. ¢ Supercritical. “Room temperature. ¢ UV light, 360 nm. 'Too many products to concisely summarize. See schemes or

refer to original work.

of the C,—Cg bond through the formation of radical
cations.?” In this study, it was shown that oxidation peak
potentials as determined by cyclic voltametry are influenced
by substrate structure but not solution pH.'*? Parpot and co-
workers investigated the electrochemical oxidative degrada-
tion of kraft lignin in batch and flow cells on Pt, Au, Ni,
Cu, DSA-O,, and PbO, anodes.?!® Vanillin was produced
from the lignin but required continuous extraction to prevent
its further oxidation.”!® El-Ashtoukhy and co-workers per-
formed the electrochemical decolorization of wastewater
effluent stream using a lead sheet anode, although the
products formed during the treatment were not determined.?!!

6.3.3. Homogeneous Catalysis

The oxidation of lignin by homogeneous catalysts repre-
sents one of the most promising approaches toward the
production of fine chemicals from lignin and lignin pulp
streams. Several homogeneous catalysts that are capable of
performing selective oxidation of lignin have been reported
in the literature. Homogeneous catalysts offer several ad-
vantageous properties that make them particularly suitable
for lignin oxidation, especially the ability to use a wide range
of ligands, the electronic and steric properties of which
drastically influence the activity, stability, and solubility of
the catalyst. It thus becomes possible to tune the reactivity
and selectivity of the homogeneous catalyst to the oxidation
of specific lignin linkages or functionalities with appropriate

choice of ligands. Given the complicated structure and wide
distribution of linkages in lignin, the ability to tune a
homogeneous catalyst to form robust catalysts, as demon-
strated effectively by Collins in the development of iron
tetraamido macrocyclic ligand (TAML) complexes,?'? that
specifically disrupt targeted linkages or perform oxidations
of specific functionalities while leaving other groups intact
is important for the rational valorization of lignin to high-
value products.

Generally, the homogeneous catalysts used for lignin
oxidation can be subdivided into six categories depending
on the ligand set employed. The first category, which consists
of the metalloporphyrins, involves catalysts formed from the
metalation of the porphyrin with transition metal salts.?!> As
discussed below, the porphyrin provides several opportunities
to attach functional groups, such as halogens or sulfonate
groups, to alter the electronic characteristics of the catalyst,
which in turn enhances the stability and solubility of the
catalyst. The second group involves Schiff-base catalysts,
especially Co(salen), which are typically simpler structurally
and synthetically than the porphyrin ligands and have
displayed activity in alcohol oxidation. The third group
involves complex and often highly developed nonporphyrinic
or Schiff-base catalysts, such as the extremely robust iron
tetraamido macrocyclic ligand (TAML), manganese 1,4,7-
trimethyl-1,4,7-triazacyclononane (TACN), or manganese
1,2-bis-(4,7-dimethyl-1,4,7-triazacyclonon-1-yl)ethane (DTNE)
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complexes, which were historically used extensively as wood
pulp bleaching catalysts. The fourth category includes
polyoxometalates, which involve polyatomic clusters of early
transition metaloxy anions and were also originally used as
wood pulp bleaching catalysts. The fifth category involves
simple metal salts. The sixth category involves miscellaneous
catalysts that employ various ligand systems.

6.3.3.1. Biomimetic Catalysts. The development of sev-
eral homogeneous catalysts used for lignin transformation
and degradation was inspired by examples of efficient
catalyst systems capable of such transformations already
found in Nature. Indeed, the motivation for using several
metalloporphyrin complexes originated from the desire to
mimic the activity of the heme cofactor found at the active
sites of the enzymes lignin peroxidase or manganese-
dependent peroxidase, which are found in white rot fungi.?'4?!
The fungi are involved in lignin biodegradation (rotting) and
are capable of breaking down this highly recalcitrant material
completely into carbon dioxide and water. The enzymes
involved are known to preferentially degrade lignin from
wood over cellulose and other polysaccharides, which is of
considerable interest to the paper pulping industry as
indicated above.?!¢ The study of iron and manganese por-
phyrin lignin oxidation catalysts originated in an effort to
better understand the mechanism by which these enzymes
degraded lignin,?!® and several investigators noted that iron
porphyrin catalysts were able to cleave the C,—Cg bond and
oxidize lignin model compounds in analogy to ligninase
enzymes.?'”?!8 In fact, in many catalytic cycles involving
Fe porphyrin catalysts, the formation of a highly reactive
oxo—iron(IV) porphyrin sr-cation radical is invoked, similar
to the species also observed in the catalytic cycle of the
enzymatic reactions.?'>??" It should be noted, however, that
the inaccessibility of the enzyme active site for the large
lignin substrate precludes direct interaction with the high-
valent oxidant, and enzymatic reactions most likely initially
proceed by generating freely diffusing strong-oxidant media-
tors that attack lignin, such as the veratryl alcohol radical
cation or Mn(IIT).?*! Nevertheless, the structural similarities
between the active site of the enzyme and metalloporphyrin
complexes prompted the search for biomimetic metal por-
phyrin catalysts capable of selectively degrading lignin.??>?%3

6.3.3.1.1. Metalloporphyrin Catalysts. Metalloporphyrin
complexes are well-known to engage in selective oxidations
of hydrocarbons such as alkene oxidation to form epox-
ides??%22* or alkanes to form aldehydes or alcohols.?”> In
addition to iron-containing porphyrins that resemble the heme
group found in several enzymes,””® such as cytochrome
P-450,%2>226 metalloporphyrins of the transition metals Mn,
Ru,?” and Co?*"?2® have found use as oxidation catalysts to
form valuable products from hydrocarbon feed stocks.
Similarly, the use of metal porphyrin complexes as selective
oxidation catalysts is becoming increasingly important for
the conversion of lignin to valuable products.?” Early studies
in the subject focused on the ability of the metal porphyrin
complex to act as a bleaching agent for pulp mill decolori-
zation and pollutant removal.?*® That is, the value of the
catalyst was judged on the ability to remove lignin from the
stream without regard to the products formed from the lignin
reaction. For example, Paszczynski et al. extended the use
of the various transition metal porphyrins that were found
active in disrupting the bonds typically found in lignin?'7-!3
to wood chips.?'® They noted that the complex successfully
bleached kraft lignin but gave no indication of the products
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formed as a result of the oxidation.?'® Because of its structure
and properties, the presence of lignin in a cellulose stream
inhibits the degradation of cellulose;® thus, the degradation
and removal of lignin from the carbohydrate component of
wood is a critical step in the pulp and paper industry.®
However, as described above, lignin constitutes a significant
fraction of biomass,**® and the potential to convert it to useful
chemicals, such as vanillin or other aromatic compounds,231
has motivated recent efforts to develop metalloporphyrin
catalysts that perform selective oxidation of lignin beyond
its simple removal from paper pulps.

Several metal porphyrin catalysts were found to be capable
of performing the oxidation of lignin and lignin model
compounds.?” Crestini and Tagliatesta provide an extensive
review on the oxidation of lignin and lignin model com-
pounds using metalloporphyrin complexes.?*?> A summary
of the metalloporphyrin-catalyzed reactions is given in Table
8. Structures of several porphyrin- and phthalocyanine-based
catalysts are depicted in Figure 17. Table 9 lists the oxidation
of the lignin model compound veratryl alcohol to veratryl
aldehyde, depicted in Scheme 11, using metal porphyrin
complexes as a catalyst.

Relatively high conversions were obtained at elevated
temperatures with Co porphyrin and O,, corresponding to
approximately 26 catalyst turnovers (entry 1) and at room
temperature with Fe (entries 2—6) and Mn complexes (entry
7) and H,0,. High conversions of veratryl alcohol were also
observed with both free and ion-exchange resin-immobilized
Fe(TPPS) (entries 8—13) and Mn(TPPS) (entries 14—18)
complexes, achieving 67% veratryl alcohol conversion (~25
catalyst turnovers) using KHSOjs as an oxidant after 1 min.?*?
In addition to veratryl alcohol, porphyrin catalysts were also
found to be capable of oxidizing other lignin model
compounds. Shimada and co-workers used a tetraphenylpor-
phyrinatoiron(IIl) chloride complex in the presence of tert-
butylhydroperoxide to perform the C—C bond cleavage of
the model compound 1,2-diarylpropene-1,3-diol at 293 K.2!8
The principle products of the oxidation included 3-methoxy-
4-ethoxybenzaldehyde (54% yield on the oxidant), and
formaldehyde (see Scheme 12).2!3

Zhu and Ford described the oxidation of lignin model
compounds using iron(IIl) and manganese(Ill) meso-tet-
raphenylporphyrin and phthalocyanine complexes.?* Artaud
and co-workers described the oxidation of a,S-diarylpropane
lignin dimer model compounds using an iron porphyrin
catalyst.?*> The metal porphyrin was found to oxidize the
o.,5-diarylpropane through four primary reactions including
Co—C;p propyl side chain cleavage, phenyl—C, bond cleav-
age, oxidation of the dimethoxyaryl nucleus to form quinone,
and opening of the dimethoxyaryl ring to form a muconic
acid dimethyl ester.?*

Several catalysts that resemble porphyrins were also active
for lignin oxidation. Robinson and co-workers reported the
activity of trisodium tetra-4-sulfonatophthalocyanineiron(IIl),
the ligand of which is closely related to the naturally
occurring porphyrin structure, for the oxidation of several
simple lignin model compounds (see Scheme 13).2*¢ The
catalyst oxidized the benzylic hydroxyl groups in 2-hydroxy-
ethyl apocynol; however, the extent of oxidation did not
increase upon addition of oxygen because of increased
complex degradation.?*

A significant disadvantage of using the porphyrin com-
plexes is the susceptibility to degradation in the presence of
excess oxidant, particularly H,O,, or through the formation
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Figure 17. Structures and designations of reported porphyrin and phthalocyanine catalysts used for lignin oxidation.
Table 9. Metal Porphyrin Catalytic Systems for the Oxidation of Veratryl Alcohol to Veratryl Aldehyde
yield (%)
entry catalyst time (min) temp (K) oxidant 1 2 ref
1 Co(TSPc) 300 358 0, 76—178 234
2 Fe(TPPS,)-H,0 360 a H,0, 27 3 242
3 Fe(TPPS,)-[BMIM][PFq) 360 a H,0, 54 6 242
4 Fe(TPPS,)-[BMIM][PFs]-NMI 360 a H,0, 69 8 242
5 Fe(TCIgPPSy4)-H,O 360 a H,0, 71 9 242
6 Fe(TClgPPS,)-[BMIM][PFq] 360 a H,0, 83 12 242
7 MnTPPS/IPS 120 293 H,0, 89.7 243
8 Fe(TPPS) 1 a H,0, 5 233
9 Fe(TPPS)-imidazole 1 a H,0, 7 233
10 Fe(TPPS) 1 a KHSOs 67 233
11 Fe(TPPS)-imidazole 1 a KHSOs 65 233
12 Fe(TPPS)-Ad 1 a H,0, 6 233
13 Fe(TPPS)-Ad 1 a KHSOs 50 233
14 Mn(TPPS) 1 a H,0, 2 233
15 Mn(TPPS)-imidazole 1 a H,0, 7 233
16 Mn(TPPS)-imidazole 1 a KHSOs 67 233
17 Mn(TPPS)-Ad-imidazole 1 a H,0, 9 233
18 Mn(TPPS)-Ad-imidazole 1 a KHSO;s 61 233

“Room temperature.

Scheme 11. Oxidation of Veratryl Alcohol

HO Ox HO
o
—_—-
o~ o~ o
1 2

of catalytically inactive u-oxo species.®’ In order to improve
the stability, chloro substituents were added to the porphyrin
ring to increase the steric bulk and improve the porphyrin
resistance to oxidation.???> In addition, the chlorines on the
porphyrins increased the catalyst efficiency by altering the
redox potential of the metal center.??> The favorable results
given by the presence of chlorine in the porphyrin periphery
prompted the incorporation of other substituents, such as
fluoro®?® or sulfonato®'*?* groups, which improved catalytic
activity, resistance to oxidation, and solubility. The incor-
poration of a variety of ring substituents, including both
cationic®®” and anionic groups,?*® or axial ligands is possible,
making the metalloporphyrin a highly tunable catalyst,
especially when coupled with the different properties that
arise given the choice of metal center.*

Despite the demonstrated efficiency of using metallopor-
phyrins for lignin oxidation, a large hindrance to the

Scheme 12. C—C Bond Cleavage of 1,2-Diarylpropene-
1,3-diol?'8

development of metalloporphyrins for industrial scale lignin
oxidation to useful chemicals is the expense associated with
the complexes, especially given catalyst degradation and loss.
In order to address these challenges, recent metalloporphyrin
research has transitioned to the development and implemen-
tation of immobilization techniques to improve catalyst
stability and recyclability. Crestini and co-workers im-
mobilized metalloporphyrins of manganese on smectite clay
montmorillonite in order to mimic the polypeptide envelope
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Scheme 13. Oxidation of 2-Hydroxyethyl Apocynol**

oH

that protects the catalyst center of natural enzymes.>* The
presence of the montmorillonite clay prevents the formation
of u-oxo species and allows facile recovery and recycling
of the porphyrin catalyst.** Similar metalloporphyrin im-
mobilization was demonstrated to occur on a variety of
polymers. Naik et al. demonstrated the immobilization of
iron and cobalt porphyrin complexes on polystyrene for the
oxidation of alcohols, achieving a turnover frequency of 0.18
s~! for 1785 total turnovers in the oxidation of benzyl alcohol
to benzaldehyde.?** These results contrast with other previ-
ously reported systems, which often exhibit lower rates and
turnover numbers ranging between 10 and 100. Zucca and
co-workers recently demonstrated the immobilization of
Fe(11)-5,10,15,20-tetrakis(pentafluorophenyl)porphyrin on a
pyridyl-functionalized poly(vinyl alcohol).?*! The Ilatter
complex was demonstrated as an active oxidation catalyst
for lignin-type model compounds. Kumar and co-workers
also recently demonstrated the immobilization of Fe por-
phyrins used for the oxidation of the model lignin compound
veratryl alcohol in ionic liquids.?*> The metalloporphyrin
catalysts in the ionic liquid demonstrated higher catalytic
activity when compared with similar complexes in aqueous
solutions. Zucca and co-workers recently immobilized a
Mn(IIT)—porphyrin complex to imidazole-bearing silica and
similarly used this catalyst to oxidize veratryl alcohol using
H,0,.2* These findings have important implications for the
further development of lignin oxidation catalysts, especially
given the favorable dissolution characteristics of lignin in
ionic liquids.

6.3.3.2. Metallosalen Catalysts. Cobalt(salen) complexes,
where salen = [N,N'-bis(salicylidene)ethane- 1,2-diaminato],
are emerging as promising lignin oxidation catalysts. Gupta
and co-workers reviewed the use of polymer-supported Schiff
base complexes, including Co(salen), for lignin model
compound oxidations.>** A summary of metallosalen-
catalyzed lignin oxidation reactions is given in Table 10.
The structures of Co(salen) and related complexes are
depicted in Figure 18.

The efficiency of Co(salen) to oxidize lignin originates
from the ability to form cobalt—superoxo complexes and
dimeric peroxo complexes upon exposure to molecular
oxygen. These reactive species are effective oxidants, and
several studies have indicated the potential use of Co(salen)
as a lignin oxidation catalyst. Bozell and co-workers
demonstrated that Co(salen) was effective for the oxidation
of the phenolic groups of aromatic compounds to form
benzoquinones in up to 90% yield in 18 h.2*3 Drago and co-
workers demonstrated that Co(salen) complexes in the
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presence of molecular oxygen rapidly oxidized lignin and
the lignin model compound, isoeugenol, to vanillin.>*® The
Co(salen) complexes have several advantages over the
metalloporphyrin complexes discussed above in that they are
often cheaper, easier to synthesize, and relatively stable.
Alterations of the salen ligand, such as the addition of
sulfonato groups to the salen, are readily achieved and can
alter the properties of the catalyst in terms of solubility and
reactivity for lignin oxidation.’*’ In analogy to the im-
mobilization of the metalloporphyrins, Badamali and co-
workers recently immobilized Co(salen) on SBA-15 and
demonstrated its effective oxidation of the lignin model
compound apocynol (Figure 13, 122) using microwave
heating.?*® Kervinen and co-workers studied the Co(salen)-
catalyzed oxidation of veratryl alcohol using in situ UV —vis,
ATR-IR, and Raman spectroscopy.?**?* Typical turnover
frequencies for these Co(salen) complexes typically range
between 2.8 x 1073 and 4.1 x 1073 s~! with total turnover
numbers around 300.2°! Canevali and co-workers studied the
oxidative degradation of several lignin model compounds
using Co(salen).?>? Investigation by electron paramagnetic
resonance spectroscopy revealed that two phenoxy cobalt
radicals are involved in the oxidation mechanism of phenolic
compounds.?*? In addition to investigating Co(salen) com-
plexes, Haikarainen and co-workers used Cu-, Fe-, and Mn-
triphenylphosphonium-decorated salen complexes (Figure 18)
for the oxidation of coniferyl alcohol, noting that Mn and
Co showed different regioselectivity relative to the enzyme
horseradish peroxidase.®® Relatively few investigations on
Co(salen) complexes for the oxidation of lignin itself have
been conducted, and according to Badamali and co-workers,
the complexes need to be studied in greater detail.>*3

6.3.3.3. Metallo-TAML, -DTNE, and -TACN Catalysts.
In a concerted effort spanning nearly three decades, Collins
and co-workers developed a series of iron—TAML com-
plexes, where TAML stands for tetraamido macrocyclic
ligand, that were demonstrated as active, selective, and
extremely robust oxidation catalysts.?!>?>* The ligands in
these TAML catalysts were designed in a four-step iterative
process in which the ligand structure was designed to be
resistant to oxidative degradation, after which it was oxidized
until decay occurred. The products were characterized in
order to identify the vulnerable site on the catalyst, and finally
the ligand was modified to make the weak site more
robust.?!>24 Although not yet applied specifically to the
valorization of lignin or lignin-based model compounds, a
u-oxo-bridged diiron(IV)—TAML complex was shown to
selectively oxidize aromatic alcohols, such as benzyl, 4-chlo-
robenzyl, 4-nitrobenzyl, 4-methoxybenzyl, and cinnamyl
alcohols, to the corresponding aldehydes.? Chen and co-
workers demonstrated the use of [(Me,DTNE)Mn(IV),(u-
0);]1(C10,),, where DTNE is 1,2-bis-(4,7-dimethyl-1,4,7-
triazacyclonon-1-yl)ethane, or [(Me;TACN)Mn(IV),(u-
0)3](PF¢),, where TACN is 1,4,7-trimethyl-1,4,7-triazacyclo-
nonane, and H,O, to bleach pine kraft-AQ pulp, noting that
this catalyst was more effective for delignification of
softwood pulps over hardwood pulps.?3¢~2% Table 11 sum-
marizes the use of Mn-DTNE and Mn-TACN catalysts for
pulp delignification. The structures of these complexes are
depicted in Figure 19.

Cui and co-workers reported that [(Me,DTNE)Mn(IV)(u-
0);Mn(IV)](ClOy), readily oxidized several lignin model
compounds with hydrogen peroxide to aldehydes, epoxides,


http://pubs.acs.org/action/showImage?doi=10.1021/cr900354u&iName=master.img-031.png&w=167&h=160

Catalytic Valorization of Lignin

Chemical Reviews, 2010, Vol. 110, No. 6 3591

Table 10. Metallosalen Catalytic Systems for the Oxidation of Lignin (Model Compounds)

reaction conditions

lignin/model
entry catalyst oxidant solvent 7T (K) P (MPa) t (h) compound products yield (%) conversion (%) ref
1 [(pyr)Co(salen)] 0, MeOH c 0.345 17  syringyl alcohol 2,6-dimethoxybenzoquinone 88 245
2 [Co(N-Me salpr)] O, MeOH c 0345 17 syringaldehyde 2,6-dimethoxybenzoquinone 0 245
3 [(pyr)Co(salen)] 0, MeOH c 0.345 17 syringyl alcohol 2,6-dimethoxybenzoquinone 71 245
4 [Co(N-Me salpr)] O, MeOH c 0.345 17 syringaldehyde 2,6-dimethoxybenzoquinone 0 245
5  Co(salen) 0, MeOH c 0.345 17 syringaldehyde 2,6-dimethoxybenzoquinone 72 245
6 [Co(N-Me salpr)] O, CH,Cl, c 0345 17 vanillyl alcohol 2-methoxybenzoquinone 43 245
7  Co-sulphosalen 0, toluene 298 0.518 2 isoeugenol vanillin 27.9 246
8 Co-sulphosalen 0, H,0“ 363 0.8 3 2,2'-biphenol e 6 247
9  Co-sulphosalen 0, H,O* 363 0.8 3 veratryl alcohol veratraldehyde 247
10  Co(salen)/SBA-15 H,0, CH;CN d e 0.5 apocynol acetovanillone 118 248
2-methoxyquinone 98
11 Co(salen)/SBA-15 H,0, CH;CN d e 0.66 apocynol e h 248
12 Co(salen) O, NaOH/H,0" 353 0.1 e veratryl alcohol e 249
13 Co(salen) () NaOH/H,0” 353 0.1 28 veratryl alcohol veratraldehyde 43 250
14 Co(salen) 0, CHCl, 298 1 0.5 coniferyl alcohol model 3,4-dimethoxybenzaldehyde 60 252
15 Co(salen) (0)3 CHCl; 298 1 0.5 S-O-4 model compounds quinones (see scheme) 90 252
16 Co(salen) 0, CHCl; 298 1 0.5 -5 model compounds  see scheme 99 252

“alkaline. ® 2 mol/L. ° Room temperature. 300 W microwave. ¢ Not stated. ' 562 turnovers. ¢ 88% total lignin degradation. " 100% lignin degradation.

N-Me salpr = bis(salicylidene-y-iminopropyl)methylamine.

b d"

Co(salen): R' =H, R? = none
[(pyr)Co(salen)]: R! = H, R? = pyridine
Co-sulphosalen: R' = SO5, R? = none

N :@, C|Phap{g§

[Co(N-Me salpr)]

R R

\ /

3%}%13,@

M = Co, Cu, FeCl, or Mn(OAc);
R = H or (R-R')-cyclohexyl

Figure 18. Structure of Co(salen) and related complexes.

Table 11. 1,2-Bis-(4,7-dimethyl-1,4,7-triazacyclonon-1-y1)ethane or 1,4,7-Trimethyl-1,4,7-triazacyclononane Catalytic Systems for

Delignification
reaction conditions lignin/model

entry catalyst oxidant  solvent T (K) t (min) compound delignification (%)  ref
1 Mn(IV)—Me;TACN H,0, acetone 313 60 1-(3,4-dimethoxyphenyl)ethanol 95 256
2 Mn(IV)—Me,DTNE H,0, acetone 353 60 1-(3,4-dimethoxyphenyl)ethanol 43 256
3 Mn(IV)—Me,DTNE H,0, water 353 120 pine kraft-AQ pulp 43 257
4 Mn(IV)—MesTACN H,0, water 333 120 pine kraft-AQ pulp 43.8 258
5 Mn(IV)—Me,DTNE H,0, acetone 323 10 1-(3,4-dimethoxyphenyl)ethanol ~50 259
6 Mn(IV)—Me,DTNE H,0, acetone 313 5 1-(3,4-dimethoxyphenyl)-1-propene ~90 259
7 Mn(IV)—Me,DTNE H,0, acetone 323 10 (E)-1,2-diphenylethene ~40 259

and alcohols.?’ This catalyst preferentially epoxidated C—C
double bonds conjugated with aromatic moieties.>>
6.3.3.4. Polyoxometalate-Based Catalysts. The develop-
ment of polyoxometalates (POMs) for use as delignification
catalysts originated with the objective to replace the chlorine-
based pulp bleaching processes, which resulted in the
accumulation of chlorine in the local environment, with
environmentally benign oxidation processes.’! Gaspar and

co-workers published a review of polyoxometalates for
delignification that highlighted the general properties and
factors influencing catalytic activity.*! The distinctive proper-
ties of polyoxometalates constitute the principle factors of
their design. Polyoxometalates consist of both primary and
secondary heteroatoms, where the former determines the
structure and the latter, typically transition metal ions, may
be substituted without change of structure.*' These properties

’Q""""N\/\N/\

\; \\O/ /\\;\\
N M S M/ NS |®Fen
— . n n 3
X V/ ~y
\
[®)

Mn(IV),-Me,DTNE

)
S (CIOy),
: NP7k
N7
% \

Mn(IV),-Me;TACN

Figure 19.

Structures of [(MesDTNE)Mn(IV),(u-0);](PFe), and [(Me;sTACN)Mn(IV),(u-O)3](ClO4),.
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Table 12. Polyoxometalate Catalytic Systems for Oxidation of Lignin

Zakzeski et al.

reaction conditions

lignin/model conversion
entry catalyst oxidant solvent T (K) P (MPa) t (h) compound products (%) ref
1 SiW;Mn(I1I) 0, a 383 0.5 2 eucalypt kraft pulp a 598 261
2 BW/,Co(III) 0, a 383 0.5 2 eucalypt kraft pulp a 36 261
3 SiW;Co(III) 0, a 383 0.5 2 eucalypt kraft pulp a 62¢ 261
4 SiW Ru(IV) 0, a 383 0.5 2 eucalypt kraft pulp a 518 261
5 PW;Ru(IV) 0, a 383 0.5 2 eucalypt kraft pulp a 488 261
6 HPA-5-Mn(II) 0, a 373 0.5 2 eucalypt kraft pulp a 768 262
7 0-[SIVW 00401~ a buffer” 363 a 1 lodgepole pine milled a 263
wood lignin
8 Nas19)[SiVi—o.nMoW g0l @ buffer” 438 a 1 3,4-dimethoxy a h 265
acetophenone
9 Nas19)[SiVi—o.nMoW g0l @ buffer” 453 a 1 3,4,5-trimethoxy 3,4,5-trimethoxy- i 265
acetophenone benzaldehyde
10 Nas19[SiVi—o.nMoW ool @ buffer” 453 a 1 1-(4-hydroxy-3,5- a j 265
dimethoxyphenyl)-
ethanone
11 H3PMo1,049 0, H,O/CH;0H 443 0.5 0.33  kraft lignin vanillin 5.18 267
12 HPA-5-Mn(II) 0, CH;CN 363 0.5 0.5 eucalypt kraft pulp several aromatic 268
compounds
13 LaMnO; 0, NaOH/H,0¢ 493 0.5 3 d p-hydroxybenzaldehdye 1.7 269
14 LaMnOs 0, NaOH/H,0¢ 493 0.5 3 d vanillin ~4 269
15 LaMnO; 0, NaOH/H,0¢ 493 0.5 3 d syringaldehyde ~4 269
16 LaCoO; 0, NaOH/H,0°¢ 493 0.5 3 d p-hydroxybenzaldehyde 2.2 270
17 LaCoOs 0, NaOH/H,O¢ 493 0.5 3 d vanillin ~4 270
18 LaCoOs3 0O, NaOH/H,0°¢ 493 0.5 3 d syringaldehyde ~2.4 270
19  H,MoO, H,0, CH;COOH/H,O 503 a 2 larch wood delignification e 271
20 Fey(MoOy); H,O, CH;COOH/H,O 503 a 2 larch wood delignification f 271

“Not specified. ® Sodium acetate. °2 mol/L. ¢ Enzymatic hydrolysis of steam-explosion cornstalks. ¢ Lignin completely removed from stream.
fTwo percent lignin remaining in stream. ¢ Kappa number reduction. " Rate constant = 17.2 x 1073 s™'. 'Rate constant = 16.80 x 1073 s™'. /Rate

constant = 12.30 x 1073 s~

allow release and substitution of the secondary heteroatom
with ions that give the polyoxometalate desirable redox
characteristics, that is, thermodynamic conditions such that
the POMs have higher redox potentials than lignin but lower
than molecular oxygen.*"*® In addition to choice of transition
metal, the choice of countercation determines the solubility
of the POM, which has important ramifications for industrial
utilization of these catalysts.*!** With appropriate choice
of countercation, the POMs are selectively soluble in water,
polar organic solvents, or nonpolar solvents.*'>* A summary
of POM-catalyzed lignin oxidation reactions is given in Table
12. Several POMs, including transition metal polyoxotung-
states containing Mn(III), Co(III), or Ru(IV)*' and het-
eropolyanion-5 consisting of [PMo(2-»yM,Ou40l3+,~ Where
M is Mn(II)** or V(V),3! were shown to be effective catalysts
for the degradation of lignin in Eucalyptus globulus kraft
pulps. Kim and co-workers demonstrated the oxidation of
milled wood lignin by 0-[SiVW 0O4]5 .26 Investigation by
13C NMR of the lignin before and after reaction indicated
that POM oxidation leads to degradation of the 3-O-4
linkages.?* The oxidation of several lignin model compounds
was conducted with an emphasis on the structural effects of
the model compounds on the kinetics.?** Yokoyama and co-
workers performed kinetic experiments using POMs of
composition Nas-1.9[SiVi—0.1)MoW o0.1y] for the oxidation
of 1-(3,4,5-trimethoxyphenyl)ethanol to the corresponding
aldehydes.?® They observed a rate constant of 16.80 s™! at
453 K, an activation energy of 68.4 kJ mol~!, and frequency
factor of 1.28 x 10° s~ for the reaction of 1-(3,4,5-trimeth-
oxyphenyl)ethanol to 1-(3,4,5-trimethoxyphenyl)ethanal 2%

Similarly to the case of metalloporphyrins, the original
objective for the design of POMs focused on the ability to
selectively degrade lignin rather than cellulose and other
materials in the paper industry. That is, active catalysts
rapidly oxidized lignin to carbon dioxide and water with
minimal degradation of the polysaccharides, leaving a lignin-
free white pulp suitable for paper production.’!26!:262.266

Recently, the use of POMs for the selective oxidation of kraft
pulps to chemicals was also reported.?” Kraft lignin from
spruce wood was oxidized by H;PMo,,04 in the presence
of oxygen and either methanol or ethanol to produce vanillin,
methyl vanillate, ethyl vanillate, and other monomeric
products.?” The methanol and ethanol were added to prevent
recondensation of the lignin fragments.?®” Gaspar and co-
workers performed the oxidative delignification of homo-
vanillyl alcohol, homoveratryl alcohol, and lignin from
Eucalyptus globulus using Mn(II)-substituted heptamolyb-
dopentavanadophosphate polyanions, which yielded several
simpler substituted aromatic compounds.?®® The catalytic wet
oxidation of steam-exploded cornstalk lignin to form p-
hydroxybenzaldehyde, vanillin, and syringaldehyde from the
coniferylic, sinapylic, and p-coumarylic alcohols was also
recently reported using perovskite-type oxides including
LaMnO5?® and LaCo0;.?’° Kuznetsov and co-workers
demonstrated that soluble redox catalysts (H,MoO, or
Fe,(M00,);) can be used to obtain high-quality cellulose
from wood in a one-step acetic acid—H,0, medium.?”!
6.3.3.5. Simple Metal Salt-Based Catalysts. Several
studies have demonstrated the reactions of lignin or lignin
model compounds using simple metal salt catalysts in the
presence of oxygen. The development of these catalysts
originated with hydrocarbon oxidation catalysts, particularly
for the selective oxidation of aromatic hydrocarbons such
as p-xylene to form terephthalic acid, which is an important
platform chemical for the production of, for instance, the
plastic poly(ethylene terephthalate).?’? Since aromatic units
constitute a significant proportion of lignin structure, the use
of these oxidation catalysts to valorize lignin in kraft pulp
was a logical extension of the hydrocarbon oxidation
catalysts. A summary of lignin or lignin model compound
oxidations by these catalysts is presented in Table 13. Co(III)
and Mn(III) oxidative degradation of lignin was described
to yield benzoic acids.!? The production of aromatic ketones
and aldehydes from lignin using CuO, CuSO,, FeCl;, and



Chemical Reviews, 2010, Vol. 110, No. 6 3593

Catalytic Valorization of Lignin

dind jyery
(414 A 4 [EOIUBYISWOULISY) POOMIJOS 4 4 4 OH OIDEN »OdINAL “IgeN 6T
18¢C 4 urruea Mens DU 1 81—-9 €LE "OS*H/O*H ‘O*H "OSUN 8T
08T 6°€1 urrueA Surdind eyyns £q poom 1y 99°0 0 cep 2 ©0 {HOND LT
082 09 urfjrues QUOIRIBIUSPI[[LUBA I S10 cey > 0 {HOMD 9
6LT 0¢ opAyapesuLiks [oyooe [ASuLiks I I €ve HOODHD 0 $(oVO)UIN ST
9T QuoSuLIAs0)a0e
80 QUO[[IUBAO)IIR
'8 IpAyopesuLIAs
(34 urruea
8LT 8'LL urus [e30) sdrygo poom reidod mopjak €€°0 8¢'T €SP 2 0 F102:4//0SnD T
z QUOSULIAS0)J0R
L0 QUOJ[[TUBAO)IE
88 apAyopresuriks
LYy urjiueA
8LT €0L urusiy [e10) sdigo poom xejdod moffek €€°0 8¢’ (347 2 0 f1024//0SD €C
T Quo3urksojooe
WO QUO[[TUBAO0)dJ®
L'L OpAyopesuLIAs
L'e urqrueA
8LT 679 urus [e30) sdrypo poom redod morjek €€°0 8¢'T cep 2 0 F102:4//0SND (44
LLT LT ur[rueA SAJBUOJ[NSOUSI[ POOMIJOS ! 0 €Er—€8¢ Jem/HOBN 0 "osnD 1T
9/C ST [ooerengAjod [ooerend T K b 199eM/HOHD e SOVO)UN 0c
9.T 09 [ooerengAjod [ooerens 4 K b OFH/uexoIp e €OVO)UN 61
9LT 88 [ooerengAjod [ooerens 4 4 b O®H/NDFHD e §(OVO)UN 81
) IgH/"(OVONZ
19 €L PIoE OI[[IUBA/IISULIAS urugi[ onk[oIpAy 4 69 87 HOODHD e [FOVOIUN/(PV0)0D L1
IqH/"(OV0)1Z
19 0 pIoe d1[[iueA/dISuLIAs J[ES WNIPOS ‘PIOE JIUOJ[NSOUTI C 69 (384 HOOD*HD e FOVOIUN/(OV0)0D 91
IgH/(OVO)IZ
19 4601 PIoe OI[[IueA/SIFULIAS uruSI| POOMPIEY PAXIW A[OSOULSIO z 8¢l €Sy HOODHD e [FOVO)UNF(V0)0D S1
1=S 01 X T'L =, ‘pwoe OY0DHD) IgH/M(OVO)IZ
19 O10ZU2qAX0)908-{-AXOYJOW-¢ QUAN[0IAX0J0B-{-AXOYIOW-¢ 4 ] 89¢ J/HOODSHD 0 FSOVO)UIN/A(OV0)0D i
=S ¢ 0l X LT =2 OY0DHD)
19 {pIoE dl0ZUAGAXOYIW-} suanjojkxoyIowW-f, 4 4 €6¢ /HOODFHO © IGH/A(OVO)UN/A(OV0)0D €l
1= ¢_Q1 X I8 =, ‘pioe
19 910ZU3GAX01998-1-AXOYIAW-¢ opAyap[ezuaqix01ade-f-AX0tIaw-¢ 4 4 €€ HOODfHO 0 IGH/AOVOIUN/(OV(0)0D Tl
~ IgH/"(VO0)IZ
19 uonoear ou apAyoprezuaqfxoIpAy-1 4 4 393 HOOD(HO 0 [FOVOIUN/(OV(0)0D I
SLT s¥8°0 Jp1Ioe Jl[IueA pue Ul[iueA dind 2rmixTur poom3jos [[9d0uesI0 [} 4 €8¢ HOODHD 40 IGH/A(OVO)UN/A(OV0)0D (W}
SLT sSY°0 /PIO® JI[IUeA pue Ul[[IueA UIUSI[-£[D,]/101BM/2U0JIR 01 4 €8¢ HOODHD 40 IGH/A(OVO)UN/A(OV0)0D 6
SLe 550°0 /PIOE DT[[IUBA pUE UT[[TUEA dind esseSeq oued 1eSns A[0SOJOIE or 4 €8¢ HOODHD <0 IGH/AOVO)UNA(OV0)0D 8
SLT 58¢°0 JpIoe Dl[IueA pue ulf[iueA dind poom smdAjeona Ajosojooe (W} 4 €8¢ HOODHD P IGH/A(OVO)UN/A(OV0)0D L
12U 201 X 1901 = ¥
YL G-U 0l X OI'l = asseSeq mens dued Jesns S 4 88¢ HOODHD P IGH/A(OVO)UN/A(OV0)0D 9
12U 201 X €891 = ¥
VLT G- 01 X 079 = asseseq mens dued Jesns S 4 €5¢ HOODHD 40 IGH/A(OVO)UN/A(OV0)0D S
U 20T X 199G = ¥
VLT G- 01 X 066 = asseseq mens dued Jesns S su €Ce HOODfHD pee) IGH/A(OVO)UN/A(OV0)0D 14
(1o1p-¢ ‘1 -ouedord(AxouaydAxoyrouwr-7)
€LT 'L [oderens -z-(1AusydAxoyowip-4¢)-1) € pSY'e (324 HOODHD 0 {POVO)UN/A(OV0)0D €
(To1p-¢‘ 1-ouedoxd(AxouaydAxoyjour-7)
€LT cee proe dlozudgAxoyowIp-p'¢ -z-(1AuaydAxoyiawip-p*¢)-1) € pSY'e (324 HOODHD 0 {POVO)UN/A(OV0)0D C
(To1p-¢‘ 1-ouedoxd(AxousydAxoyjouwr-7)
€LT 6'CC SpAyapezuaqAxOyIRWIP-H¢ -z-(1AuaydAxoyiawip-p*¢)-1) € PSY'E (9474 HOODfHD 0 YOVOIUN/A(OV0)0D 1
Jo (%) (%) sjonpoid punodwod () 2 (dIN) d oD L JUQA[OS JUBPIXO 1sATe180 Anua
UOISIQAUOD pIoIk [opow/utu3Iy

SUONIPUOD UOTIOBAX

(spunodwio)) [PpoJA) uruSrT Jo uonepIx() Joj SWA)SAS d1A[e)e)) SNOIUB[ISIIA] pue J[es [ePR dduis ¢y dqe],



i et al.
ski e
Zakze
6
No.
OY

L. 11

s, 2010, Vo
iows,
ical Revie

ical

Chem
3594

ing Co,
using abo
henols d Sz el
ic p imo an mod
2 DiCosim lignin oxy)-
f monon Di the hen 1T
.On ) bed . nOf hoxyp Mn(
roducti deSCrloxidat;O (Z-mettate an‘ihrough
0 -2- e S
d the pre als lectron nyl) (ID) ac ipally orker
an h we le-e yphe_ Co rinc CO-W traw
F€203nd R he singl ethox4) using rred pt and cane s ing
Fe’f(z)irmed; (3,4_d;g:1re S’ion 002072 Laba Suga¥ping§7g?rhe
) - . m
s per und -diol (F xidat bond.' in fro et pul ns. ere
® 5 ompo 1,3 the o Cﬂ f lign —wati ]utlo. n w d
: § c ane- here C(l_ ion o nol Br so idatio S an
82 o 8 rop w he idatio etha te/H in ox alve.
3 2 && S pcetate’e of tthe OXId from(IDaCeta lign1224 Gon({ ed frOn;
Q o 5 a g d ine the tain an
< & = = leava rate btain nese! of opY'. ob ar cC d
z 2 TE c onst e, 0 anga ergy Lroscof nins sug an
a 5, S dem ass te/m: ion en spec of hg ood, (II), d
2 = d bag cetate/ atio isible. tion s W Co id, an
a O an 1t(IT)a activ —vis xida lyptu HBr’_ acid, er
2 T ba nd uv he o caly ing illic heim,
s ® =2 co ics a -ng dt f eu usi ani ten nd
2 5 s inetic usi ed oL « re usl v 3 Par da
g8 kin ted rform ng ixtu 1lin, 27 00 e/
S] ula e ulpi m ani ion. m w etat
£2 Sc an a obtar d 0 ; 6 ts
- 508 org nd ts, aine ion sing ion. duc
g T3 the e, a alys em idati ts u luti . 100 ic
7~ 4 sse, at. tr Xi uc SO ic p.
o) 8585 2 g bagaﬂ) ! Tignin e e o Proiatalyst aromane catalyst
5 2982 £ 3 Mn(l d lig g Br ted to de, a 0 catalyst
S ~ 2a < 8 dize o 8 v te/H er hy idatio a
223xag £ OX1 tly demver lV)aceta s conv. ingalde oxida strially lyst
< S -~ = £ ecen to o r(l ; was Syril this indu cata 61
— S = I Sse te/Z lignin cid, sing ed i ion, ed.
MRS Z3 baga ceta he lign lic a of u us T0S10 solv )
% § I3 < ; é 5 5 g § Z 3 CO(II)at % O{l:n’ Varg\llantagies alreljaldzls Cogy been ombina
i 5 g5 2352 E,Eﬁ 2. 0.9 w aniflin le a ss uc Irea e ions.
-:_evaﬁ"gﬁov 5 10. SV incip oce s s ca Co( act D
S 2 g8 o == 25 h a 11 pr ge hav 11)/ ion re (II
“3?‘:?50%%’%"%8% g e suc T Ap t the 116n.ing n( idatio Mn N
BE 258 S 3 id. is tha cha ix ides M xid of uai
3 E%%”%ﬂ‘;%’%fg? g & cvetomn is ing ient m side ino se lyg d
S gm@c~o€8°> Z o tem‘eef1 clent s be igni eu 0 po ate
2|8 235 B g Eiis =% Sﬁls engin and efﬁ solu“"gtalyzesﬁted ltll;iacohémol}spt(riang
e ?E,cibeo EE t ing, a c n fg i 27 d
2|85 B! w.—:ao o cli ls d to mo to SO4- ) o
CIE = 2= 2 E > 2P ecy eta se de lys Cu illin WO
2 B £EE -7 . o= r her my enu kers cata ing van plar ary
= & E >S 3 s g 3 g Ot e be -work tion usin n to po rim. g
S8E S £ av ) a dy io ow p e
i ! z 2L Hovons Zlymerfisﬁc S-t;loxl-daﬁ O K e, oo
2 g : R S g Hwaltleg asap mech?in li‘(’,nlxidau%453tic alde galdehZen
E g § 83 % = E ﬁ .g acet1a276 andilfe metated thecolz at 4; aromaand Synnalso db co-
) _o“s—oﬁ—g S E ol, f tra FeCl: o illin ve n
EOf Tht 1538 £ the role Odem"%sm a“donsistﬁif ormplenes hiam"“’l ool
3|k g EE\ovEd?G§> 3 ee Cu s c iel p Sug alc Xy-
] = = = S, L e g d L . Ct. yle com A 1 (0]
2E| e:rﬁq 52 e £ an sing oduc the e il d
¢ 5 3 k=) £3 24 5 52 ips u pr ith Othe taly Syr lecu rme
E2|E 8 L5 &8 chip ifiable ids, w 278 ion ca of d mo erfo a
= g g _% 15} ) (EJ identi d aci 15%. ~dat10n. tion an re p as
=S g 2 -t . id n i ida te we ide ion
23 3 = S &R S tones’pflinlatew<:tiVe d the E)I)I(I) aci’tzationspper Oxoxidaugd
= g SF ro § act te n(ill st co the fou
= <t S p a i a, M ic invi T S n
~ - ?Epofteg inVeS:: guslnganjstlcklers uslgfess f(;d grolﬁ;dro.gf)r
- 25 workerldehydr meChCO'Worted a I;Zrulic Ezic with Co, Ni, ts
5 = . a (&) i n
2|« T 3% syring: e e P e NP, e el
Z RN Q5 gen-T arabg}IlBorthaku Vanlllle are Chy dratz Catalyl radlcaical
“ = . 28( form urc fate use -oxyl- han .
g 2 ) % o EZtalySts'traW tzble resr(l)ese Sulvvorkeriidine};}ermomfhce henn
S| z ol ice ew nga co- ipe ther ed ds.
HEHE "G £ i i , using ' Okita a‘;ilethyfftW"?? oxldlzomp‘)“nneous
g = Ik < E E in .de u 28 tetr: a s te le C Oge et
© = a 5 el OX1 lyst. 6.6- of ple lub hom: ic W
g | a 3 3 EN per ataly 2,2,6,6- n com 1-S0 ral lyti us
5 S 5 coc d2, idatio ost ate Ver: ata €o
= N n N se C en
= - o ¥ Cu Br a oxi alm de w ted cid ogenco >
2 @ 5 2y Na he ess ovi iga ic a hom o
& Gl h g =g of form t ¢ proc s to pr mvest gferul r_the P> C used
<le 2 ek L Th lulose rkers ts for ity fo *>B rkers en
< S < 4 pulp hemiceld co'wocatalysf M o d co-work fum to
I -~z - .
5 s = 2 d an us o n an lecu ium
5 5 R an ava neo rder t*>M illar mo ed
% 8 = = < Bharg roge he o Fe? ly, V e of ine m283
2 3 © - 5 hete 207 T 2+ 5 inal Y enc lkali ids. o-
g oS ‘_,‘,Q nd ion. Cu 207 Fi pres in a act . ndC.
2 5 2E a idatio as a in the | in ther lin a tic
5] g 5 X1 w Ni in ion do oh mal
= © 2 § © talysts g2+ > D) salts kraft 1~1%il’la an ms. B n enzy lysts
2 © s 2 & ca 7> Md Co(l ood vani t Systebetwee tic Catances
s = n w e, St atic e
< 22 Zu(II). Jine hardldehyd e enzying dlffeﬁity of
. s ?E, i C oxidi Syringallaneous ot Comgnd non d notethe abi
o —_ = to . M (o] N
El ° ) 52 roduce Misce d adlfaccase) tate) a ect to
g S 3 2 5 P 3.3.6. rfOrmf?daSe’ etraaceith resp
X g ionin ,
g8 (. lgn idation selec
e S8 g (e e xidati
2 g -~ g (Fer nin o
. s £ S22 in lig
@ Q2
= o) = =8-3
3|, 8 Sl z
= 6 $ [Se} 1)
] o
= o
£ &
= -
=] o
. :
— g
D
=



Catalytic Valorization of Lignin

the catalyst to oxidize the erythro or the threo form of the
B-O-4 linkage in softwood.”® Rochefort and co-workers
performed a study in which hexacyanoruthenate(Il) or tris-
(4,4'-dimethyl-2,2'-bipyridine)iron(II) was used in the pres-
ence of an electron transport mediator, such as 1-hydroxy-
benzotriazole, to oxidize veratryl alcohol to veratryl aldehyde.
The electron transport mediator aided in the oxidation of the
lignin model compounds, and the activity of the system was
compared with the electrochemical oxidation and enzymatic
oxidation of the model compounds.?®> Recently, Korpi and
co-workers reported the oxidation of veratryl alcohol to
veratryl aldehyde using Cu(Il) sulfate and 1,10-phenanthro-
line (phen) in alkaline, aqueous solutions.?®® The [Cu(phe-
n)(OH),] complex was formed in situ and involved a catalytic
cycle in which two [Cu(phen)(OH),] were reduced to two
[Cu(phen)(OH)] by the aldehyde, and molecular oxygen and
water reoxidized the complex in the presence of OH™ ions.?%

7. Concluding Remarks

Lignin is an important component of biomass from which
several useful chemicals can be produced as indicated by
the work initiated in the second half of the last century and
the renewed interest today. Lignin valorization constitutes
an important component of the modern biorefinery scheme,
and the structure and composition of lignin offer unique
routes to produce several fine and bulk chemicals. In the
preceding sections, we have presented the different ap-
proaches and strategies currently available for catalytic lignin
valorization. Generally, lignin reduction catalytic systems
produce bulk chemicals with reduced functionality, whereas
lignin oxidation catalytic systems produce fine chemicals
with increased functionality.

Considerable effort has already been devoted to developing
a wide variety of catalytic routes specifically for lignin
oxidation and reduction, yet several issues are apparent after
review of these processes. First, there is a general lack of
detailed information regarding the performance of catalysts
on the valorization of actual lignin streams. This lack of
information originates with the analytical challenges associ-
ated with the native lignin polymer itself, the influence of
different pretreatments on this structure,?®’ 2 and the wide
variety of compounds obtainable from lignin degradation.
Moreover, lignin streams could contain proteins, inorganic
salts, and other potential poisons that generally complicate
catalysis. Although important for understanding the chemistry
of the lignin polymer and the possible chemicals obtainable
from its conversion, a majority of the reported catalytic
systems involve the use of pure lignin model compounds
that are free from these complicating factors. Since catalyst
materials will eventually encounter these factors in an
operational biorefinery, obtaining performance information
with these factors is important for the development of
effective catalysts suitable for use in practical biorefineries.
In addition, we advocate the use of the most relevant model
compounds (i.e., those with appropriate functionality in
positions resembling the conferyl or sinapyl alcohols) for
the development of catalytic processes. Not only is use of
these compounds important for better understanding of the
lignin chemistry, but reactions with substrates with similar
functional groups allow for proper catalysis comparisons in
terms of activity and selectivity.

Several of the catalysts used for lignin valorization are
based on catalyst technology developed specifically for
petroleum refining. The biorefinery presents unique chal-
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lenges, however, that originate from the wide range of
feedstocks and pretreatment methods. In particular, the nature
of biomass feedstocks (C,H,,0,), which contain a high
oxygen content and various ether linkages that make them
more hydrophilic, differs significantly from hydrophobic
petroleum feedstocks (C,H,,). These differences have rami-
fications for the development of suitable catalysts. On the
other hand, with the new feedstocks come new opportunities
as well. For instance, the presence of numerous methoxy-
groups in lignin presents opportunities to produce simple C,
compounds, such as methanol, which is a valuable chemical
not as easily obtained from petroleum streams, in addition
to aromatics with the development of appropriate catalytic
technology. This C; product stream can then subsequently
be converted into other products with conventional technol-
ogy, such as the methanol-to-olefins process. Therefore,
intensified efforts should involve the development of new
catalyst materials specifically designed to meet these chal-
lenges rather than simply applying the “old” catalyst technol-
ogy, developed for petroleum refining, to new substrates. In
any case, short- to medium-term biorefinery development
will likely incorporate existing petroleum refinery infrastruc-
ture to circumvent high capital costs,* which may otherwise
be prohibitively expensive. In this respect, considerable effort
is still required to address the separation challenges associated
with the product streams derived from biomass, because
conventional separation techniques used in petroleum refin-
eries (such as distillation) are not necessarily best applied
to the potentially highly functionalized, nonvolatile biore-
finery product streams.

There are potential analogies between the 20th century
petroleum refinery and the 21st century biorefinery. In the
beginning, the petroleum refinery made few products and
incorporated little chemical and energy integration. Develop-
ment of the petroleum refinery took considerable effort,
spanning decades, to become the highly efficient, integrated
system that exists today, and many of the breakthroughs that
allowed this remarkable transformation involved catalytic
developments. In a similar course, current biorefineries,
which are still in their infancy, produce relatively few
chemicals (primarily ethanol or bio-oils) with little chemical
and energy integration. In analogy to the history of the
petroleum refinery, with the development of catalytic tech-
nology, the biorefinery can become an efficient, highly
integrated system to meet the chemical and fuel requirements
of the 21st century. In order to realize this system, the lignin
fraction of biomass should be transformed from a low-
quality, low-price waste product into a high-quality, high-
value feedstock for bulk and specialty chemicals by the
development of the appropriate catalytic technology. This
transformation is critical because lignin represents the only
viable source to produce the renewable aromatic compounds
on which society currently depends.

8. Abbreviations

Ad adsorbed

AFEX ammonium fiber explosion
AMIM 1-allyl-3-methylimidazolium
BMIM 1-butyl-3-methylimidazolium
BM,IM 1-butyl-2,3-dimethylimidazolium

B, T.X benzene, toluene, xylene

BzMIM 1-benzyl-3-methylimidazolium
Bz-ome-MIM 1-methoxybenzyl-3-methylimidazolium
BenzylMIMDca 1-benzyl-3-methylimidazolium dicyanamide
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BMPy 1-butyl-3-methylpyridinium

DMSO dimethylsulfoxide

DSA dimensionally stable anode

DTNE 1,2-bis-(4,7-dimethyl-1,4,7-triazacyclonon-1-yl)-
ethane

ECOENG 1,3-dimethylimidazolium-dimethylphosphate

EMIM 1-ethyl-3-methylimidazolium

IPS 3-(1-imidazolyl)propylcarbamoyl-3'-aminopropyl-
silica

HDN hydrodenitrogenation

HDO hydrodeoxygenation

HDS hydrodesulfurization

HMIM 1-hexyl-3-methylimidazolium

HRI Hydrocarbon Research Institute

MMIM 1-methyl-3-methylimidazolium

Mtoe million tons of oil equivalent

NMI N-methylimidazole

ns not specified

PcTS phthalocyaninetetra(sodium sulfonate)

It room temperature

salen N,N'-bis(salicylidene)ethane-1,2-diaminato

TACN 1,4,7-trimethyl-1,4,7-triazacyclononane

TAML tetraamido macrocyclic ligand

TBAF tetrabutylammonium fluoride

TPPS meso-tetrakis(p-sulfonatophenyl)porphyrin

TPPDS P(C¢Hs)(CsHsSO57),

TPPS, 5,10,15,20-tetrakis(2',6'-dichloro-3'-sulfonatophe-
nyl)porphyrin

XS xylenesulfonate
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