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Emerging Strategies of Breaking 3D Amorphous
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Representing a complex polymeric and amorphous structure arising from enzymatic
dehydrogenative polymerization of three phenylpropanoid monomers, namely, synapyl alcohol,
conferyl alcohol, and p-cumaryl alcohol, lignin is mainly spotted as an integral part of the
secondary cell walls of lignocellulosic biomass such as plant and algae. The absence of
commercial high-value application of lignin is mainly due to its heterogeneous molecular
structure which has built formidable challenges for developing depolymerization techniques
and adequate structural modifications. Lignin valorization represents an important challenge in
biorefinery. In this perspective, emerging trends in lignin valorization to derive chemicals and
materials are  presented with a  major focus on  critical aspects of
dehydrogenation/hydrogenolysis, deoxygenation, enzymatic oxidation, and carbonization. In
most cases, conversion of suitable lignin model compounds and actual lignin samples are
emphasized. Major focus is given for evaluating the nanoscale structure of employed catalysts
for dehydrogenation and deoxygenation techniques. Scope of accessing hierarchically porous
carbon materials of fiber and particle morphology via carbonization of lignin is also

emphasized. By analyzing the current situation in lignin valorization, certain realistic future

directions are sorted and emphasized.

1. Introduction

Human beings are desperate to replace source of energy and
materials, i. e. petroleum oil with biomass which has been
solely used so far by other living organisms for the production
of high-energy compounds such as ATP and a wide range of
polymers such as DNA, proteins and polysaccharides for
millions of years. In the context of being a key component in
plant cell wall and most abundant renewable aromatic polymer,
lignin has yet to play a significant role as feedstock. Lignin
composes ~25% of lignocellulosic biomass and it is an
amorphous natural polymer consisting of 3D arrangement of
methoxylated phenylpropane.' The complex structure of lignin
is amorphous, polyaromatic and incorporated with numerous
ether linkages, -OH, and methoxy groups. Lignin is regarded as
cross-linked macromolecule composed of three types of
monolignol, including p-coumaryl alcohol, coniferyl alcohol,
and synapyl alcohol with the proportions depending on the
source.” For example, lignin from softwood consists largely of
coniferyl units (4-(3-hydroxy-1-proenyl)-2-methoxyphenol)
whereas hardwoods consist largely of syringol (2,6-
dimethoxyphenol) units excluding exceptions. The p-coumaryl
units wihout methoxy groups on the aromatic ring, are also
found in lignin. Moreover, coniferyl, syringol, and p-cumaryl
units are interconnected through various cross-linkages (C-O-C
= B-O-4, 0-0-4, 4-O-5) and C—C interunit linkages (B-1 B-5, B-
B, 5-5) as formed during the biosynthesis of macromolecular
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lignin (Figure 1) of which the most abundant being the 3-O-4
ether linkage.® It is essential to understand the details of
linkages present in the macromolecular structure in order to
design strategies for selective breaking of these linkages. The
essential difference between lignin in hardwoods and softwoods
is the number of methoxy groups on the aryl rings. Hardwood
contains two or three methoxy groups per aromatic rings
originated from coniferyl and syringol alcohol units however
softwoods contains only one methoxy groups originates from
the polymerization of coniferyl alcohol.* The common linkage
between the monomers is the f/—O—4, represents approximately
50-65% of all inter subunit bonds (Table 1).

Table 1. Types and frequencies (%) of inter-subunit linkages in softwood and

hardwood lignin.%
Linkage Softwood Hardwood
Lignin Lignin
65

B-0-4 49-51
O/ a-0-4 6-8 -
0

BLy R B-5 9-15 6

o
1 B-1 2 15
T B 95 23

5
aY 3 OMe 4-0-5 35 15
< B-B 2 55
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Figure 1. Schematic depiction of lignin, showing various linkages and lignin model compounds to model (A) phenol and methoxy functionality, (B) p-O-4 linkages, (C)

5-5” linkages, (D) propyl side chain, and (E) benzylic groups.

The most abundant linkages are f/—O—4 and 5—5’ constituting
approximately 50-65% and 20-25% of structure respectively.’
Chemical conversion of cellulose and hemicellulose has been
extensively studied, while that of lignin remains scarce albeit
lignin is the most abundant renewable aromatic polymer,
constituting up to 15-30% of the weight and 40% of the energy
content of lignocellulosic biomass.®” As we know that due to
its rigid cross-linked structure that renders lignin resistant to
chemical degradation.

The catalytic valorization of lignin represents a potentially
useful method to access bulk and fine chemicals and there are
different approaches via chemical routes for developing such
processes.® Significafntly, disruption of linkages of lignin represents
a potential route for the production of a wide range of aromatic
compounds, which are otherwise accessible only from petroleum
feedstocks. The utilization of lignin as feedstock for conversions to
hydrocarbons also offers a significant opportunity for enhancing the
overall operational efficiency, carbon conversion rate, economic
viability, and sustainability of biofuel production.® The challenge,
however, is the propensity of the aromatic lignin macromolecular
assembly to condense and degrade, thereby generating high amounts
of relatively intractable solid residues in biorefinery, and paper and
pulp industries. Therefore, depolymerization of lignin and its
subsequent conversion to value added products is vital to enhance
the profitability of biorefineries.” Among three main biopolymers
that make up the cell wall, lignin is the most recalcitrant. It
comprises up to 3% of the plant's mass and is needed for support and
water transport.'"® Furthermore, lignin's high aromatic content is
responsible for its high energy content. A number of different
linkages occur naturally in lignin's structure with the most abundant
being the -O-4 ether linkage (Figure 1).2 Therefore, methods to
break apart lignin 3D network while preserving its aromatic nature
promises to provide a valuable stream of chemicals. Previous
methods to  depolymerize lignin include  hydrolysis,"™"
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pyrolysis, catalytic hydrogenation, oxidation,’
hydrocracking.'® Schinski et al. disclose a process for the
hydrotreatment of lignin to yield aromatic products, requiring the use
of a hydrogen feedstock.*" Lignin treatment and gasification using
supercritical water (7, = 647.3 K, Pc=221 bar) have also been
reported to primarily form light alkanes and hydrogen,?®** although
the disadvantages of these processes include the high reaction
temperatures and pressures (often T 673 K and P 250 bar).

Lignin is ever underutilized and bulk of produced lignin,
representing about 70 million metric tons per year, being only
employed as combustible material for its high heat value.® Precise
control over the techniques to selectively depolymerize lignin is
expected to propel the growth of this field further into new realms of
synthetic chemistry focused on utilizing lignin as feedstocks.
Despite, templating biomaterial is an active area for harnessing the
structural complexity to mimic natural functions,® disruption of
lignin polymeric structure has been of remarkable interest due to
following reasons, 1) large reservoir of aromatic hydrocarbonds, 2)
deoxygenation of ethereal oxygen to obtain hydrocarbons, 3)
nanostructured carbon materials or hybrid materials with carbon by
strategic carbonization of lignin in/or absence of structure/pore
directing templates. Considering above facts, this perspective
focuses on describing structural features of recalcitrant lignin in the
woody biomass. To further, we picked the essence of emerging
strategies of lignin valorization and mainly its chemical aspects for
example, hydrodeoxygenation, synthetic biological methods, and
carbonization for novel porous carbon materials. Major emphasis is
invested on the chemicals and material aspects of these techniques
which promise to create significant impact in lignin valorization.
Lignin model reaction to understand the underlying features of
depolymerization and selective cleavage of a bond present is
described with important recently reported cases in all sections of
emerging lignin valorization. Future prospects of lignin valorization
and possible new techniques are also proposed.

This journal is © The Royal Society of Chemistry 2012
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2. Emerging Lignin Valorization Techniques

Considering lignin as renewable reservoir of aromatic building
blocks, breaking of complex crosslinked polymeric units via
selective inter-unit C—O—C bond cleavage and subsequent
hydrodeoxygenation of the low molecular weight moieties to
aromatic and aliphatic hydrocarbons is an emerging strategy. It is to
create avenues through the chemical and biological conversion of
lignin to chemicals and fuels. Despite the potential, the conversion of
lignin to liquid fuels, particularly to aliphatic and aromatic
hydrocarbons has always been a challenging task. Generally,
propensity of the aromatic lignin macromolecular assembly
condense and degrade via generating high amounts of relatively
intractable solid residues in biorefinery processes. Among the
recently developed processes, hydrogenolysis of C—O bonds results
breakdown of high molecular weight components and this process
offers phenols as end product. However, in order to access liquid
hydrocarbon, recently hydrodeoxygenation technique under
hydrogenolytic condition has gained tremendous importance. This
techniques required noble metal nanoparticle catalyst and in most of
the cases, biofunctional or bimetallic metal nanoparticles exhibited
remarkable performance as compared to their mononuclear counter
part. Liquid phase oxidation of lignin which is mainly dependent on
benzylic C—H or C—OH bond transformation to carbonyl groups
which process depends on metal catalysts,** however metal free
catalysts are also known now.”® Enzymatic hydrolysis being a
promising strategy for the cellulose degradation, similarly enzymatic
oxidation can be considered as a major future prospect for lignin
valorization and for the production of aromatics. The essential would
be to discover lignin sources which has potential to provide ordered
porous carbons directly and among which accessing 3D
interconnected porous carbon is one of the major targets. This area
of considering lignin as a major source materials used for advanced
applications and this also offers ample scope to develop non-
templating strategy of deriving materials from renewable source.

2.1 Lignin Depolymerization into Monomers

Lignin depolymerization (LDP) into aromatic products under
mild conditions is a desired approach for its valorization. So far
hydrolysis, oxidation, and reduction are well-established
methods, in which, aqueous phase alkali hydroxide or carbonate
catalysed hydrolysis of C—O—C linkages results phenol
derivatives.?*?® Oxidative cleavage of C—H bonds and/or C—C
bonds adjacent to C—O—C linkages produces vanillin and/its
analogues.”®" This reaction causes oxidative damage to the
aromatic fragments of the lignin, leading to extreme oxidation
to CO, and H,O. Beside, vaniline would repolymerize into
oligomers leading to poor recovery of depolymerisation
products. Reductive depolymerization has been considered as a
promising method of LDP to phenols. With hydrogenation or
hydrogenolysis methods, C—O—C linkages are selectively
cleaved into phenols.*’ The reduction method may partially
avoid the condensation of phenol intermediates to oligomers, a
key issue associated with the LDP reaction.’”> Kou et al. have
reported that lignin is hydrogenated to monomeric phenols over
noble metal catalysts mainly consist of Pt, Ru, Pd, and Rh
supported on activated carbon under 4 MPa H,.** Zhang et al.
have shown that woody lignin is catalytically hydrogenated to
phenolic compounds like guaiacol and syringols.** Alternatives
such as CuCr oxide,>®> Co-Mo-S/AL,0;,%® activated carbon-,
alumina- or silica-supported Ru’’ or Pt*® have also been
examined to obtain monomeric phenols via hydrogenation of
lignin or model compounds. A strategy of conversion of

This journal is © The Royal Society of Chemistry 2012
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lignosulfonate into 4-ethylguaiacol and 4-propylguaiacol over
heterogeneous nickel catalysts revealed that aryl-O—alkyl
bonds (C-O-C) and hydroxyl groups of lignin are
hydrogenated to phenols and alkanes, respectively, while
preserving the aromatic structure.®® When insoluble solid lignin
meets heterogeneous catalysts in common solvents, mass
transfer becomes limited and may retard the process. Generally,
in case of heterogeneously catalyzed conversion of native lignin
failed to address the key chemical aspects of the process and
thus the problem is far less elucidated. Fragmentation—
hydrogenolysis are the key steps occurs in depolymerizing
native lignin into monomeric phenols in alcoholic solvents over
nickel-based catalysts (Figure 2).*® The best selectivity toward
monomeric phenol products is > 90% from about 50%
conversion of birch wood lignin. It is demonstrated that nickel-
based catalysts are highly active and selective in native lignin
conversion into monomeric phenols such as propylguaiacol and
propylsyringol. It is shown that alcohols act as the nucleophilic
reagent for C—O—C cleavage in alcoholysis and function as the
source of active hydrogen in the medium. Results of this study
confirmed that conversion of smaller lignin fragments into
monomeric phenols under goes f-elimination dehydration
coupled  with the  hydrogenation and  subsequent
hydrogenolysis.

OH OH OH OH [e]
 CHOH SN O~ oL 0 0N ho o<
birch _ "8~ " 4 + 4
bira
9 Niic, Ar O OH
A X O/ OH
O\
— "
1 2
3

Figure 2. —0O-4 Major producs in the lignin-depolymerization reaction over
the Ni/C catalyst.

In the above discussed depolymerization process efficiency
depends on the CH;0H as solvent when it comes in contact
with active site of catalyst to generate active hydrogen species
which energetically favorable than the activation of molecular
H,. Maximum 54% lignin conversion in methanol can be
achieved (Table 2, entry 3) with a total selectivity 89% for the
components containing4-propylguaiacol (PGol) and 4-
propylsyringol (PSol) as major products. The Ni/C system for
lignin depolymerization also exhibit reusability of at least four
times with about ~50% lignin conversion in each cycle. Since
Ni forms MeOMe from MeOH and reforms it to H,, therefore,
CO and CO, must be generated in this process as byproducts.
The Ni catalyst can also be deactivated in the presence of water.
Lignin depolymerization from intact biomass currently
produces a largely heterogeneous slate of molecules, which
makes lignin valorization an enormously difficult problem.
Even after extensive research effort on lignin conversion over
the past seven decades, a selective catalyst that narrows the
product slate of lignin depolymerization products down to
something manageable is yet to be found. The exception is
Song’s Ni/C-based work, but deactivation of the Ni/C in the
presence of water and limitation of strategy with a specific
variety of saw dust birch wood are certain downsides of this
process.

Non-oxidative  degradation involving cleavage of
B—O—aryloxy bonds in lignin models has been a standard
system to simplify the development for depolymerization of
lignin. Recently, vanadium catalyzed B—O-aryloxy bond
cleavage in lignin model has been reported which involves
formation of enones as a results of C—O bond cleavage

Catal. Sci. Name., 2014, 00, 1-3 | 3
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(Scheme 3).*! Result of this report, reveals the pretreatment and
isolation can alter the structure of lignin.
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Figure 3. B—0O-4 Vanadium-catalyzed degradation of a trimeric lignin model.

Table 2. Catalytic results of the lignin depolymerisation reaction.

Selectivity (%)
Entry  Catalyst Solvent Conv. 1 2 3 oth
(%) ers
1 No cat. CH;0H n.d. - - - -
2 AC CH;0H n.d. - - - -
3 Ni/C CH;0H 54 22 67 1 10
4 Ni/C EtOH 48 25 70 3 2
5 Ni/C EG 50 25 72 1 2
6 Ni/C i-PrOH 27 12 37 26 25
7 Ni/C 25% 16 16 67 - 17
glycerol+
H,O
8 Ni/C 1,4- 15 - 6 93 <1
Dioxane
9 Ni/C 1% 9 31 63 - 6
MOH+
H,O
10 Ni/C 25% 22 16 74 - 11
MeOH+
H,O
11 Ni/C Cyclohex <1 - - -
ane
12 Ni/C MeOH 42 26 71 - 3
13 Ni/SBA- MeOH 27 9 18 72 <1
15
14 Ni/ALO;  MeOH 19 - 18 81 1
15 Cu/C MeOH 9 - - 99 1
16 Cu-Cr MeOH 2 - - 99 1
oxide

Reaction conditions: birch sawdust (2.0 g), catalyst (0.1 g), solvent (40 mL),
200 °C, 6h, 1 atm Ar. n.d.= not detected
1. Propylguaiacol, 2. Propylsyringol, 3. Propenylguaiacol

Production of phenols from lignin via depolymerization
techniques clubbed with further conversion (hydrogenolysis or
cracking) is a challenging task which has been solved via catalytic
cracking and hydrogenolysis involving breakdown of molecular
components into small fragments via breaking of C—O bonds in
water-alcohol medium which has been suggested as the major
reaction route. For these processes of phenol production, tungsten
phosphide® Zr0,-AL,0;-FeO,* and iron oxide* play major role
respectively. Depolymerization by catalytic alcoholysis of lignin can
offer high-value small molecules of carbons Cs—C;, liquid products
by using a nanostructured molybdenum carbide catalyst in super

4 | Catal. Sci. Name., 2014, 1-3
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critical ethanol, in which case, advantage is that the lignin fragments
can be rapidly stabilized on the surface of catalyst under supercritical
condition of ethanol.*s This recent finding suggest that catalytic
alcoholysis is an alternative route to produce value-added chemicals
from lignin due to the fact that release of an active hydrogen atom
from an alcohol e.g. methanol is more facile than that from a
hydrogen molecule. This approach can be regarded as one of the key
strategy to derive organic molecules from lignin degradation.

2.2 Upgradation of Lignin Monomers

Currently, hydrodeoxygenation (HDO) is receiving more attention
which involves complete removal of oxygen atoms from the
substrate under hydrogenolytic conditions.* Deoxygenation of
polyols (e. g. glycerol) to useful organics such as allyl alcohol,
propanal, and acrolein is well-established method,*™* several
catalytic upgrading routes that involve HDO have been widely
studied using monomeric lignin model compounds to produce
hydrocarbons.®® HDO has been considered as the major tool to
upgrade lignin-derived bio-oils and the HDO process which involves
reaction with hydrogen that produce hydrocarbons and water.*’ In
order to highlight the importance of HDO reactions in bio-oil
upgrading, HDO chemistry of lignin-derived compounds or raw
lignin with comparison of activity of employed catalysts is essential.
Solid surface that stabilizes water-oil emulsions and catalyze
reactions at the liquid/liquid interface, that can lead to biphasic HDO
using a deposited Pd onto carbon nanotube-inorganic oxide hybrid,
useful for biomass refining as revealed when employed for lignin
conversion.” The hybrid solid nanoparticle in capable of
simultaneously stabilize an emulsion and catalyze reactions in both
aqueous and organic phase. In order to removal of oxygenate
functional groups in phenolic compounds derived from lignin such
as vanillin, the HDO of vanillin by nanohybrid emulsions on Pd was
studied as a model reaction performed in aqueous side of the
interface where the Pd is deposited in hydrophilic side. As illustrated
schematically in Figure 4, a range of different products and phase
migration processes occur due to the varying extents of
hydrogenation, hydrogenolysis, and decarbonylation of vanillin
catalyzed by Pd as the reaction conditions were modified.

Decarbonylation
250 C

noparticles

Figure 4. Schematic illustration of the reactions taking place at the waster/oil
interface in the solid-stabilized emulsions using vanillin as lignin model.
Depending on the reaction temperature, the prevailing reactions are hydrogenation,
hydrogenolysis, or decarbonylation, and depending on the relative solubility, the
products remain in the aqueous phase or migrate to the oil phase.

This journal is © The Royal Society of Chemistry 2012
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The major advantage of this method is the solid-stabilized
emulsions, a continuous process could be designed in which
two homogeneous phases coexist with the emulsion in a layered
configuration: oil/emulsion/water. Full conversion can be
expected on both sides of the emulsion with constant removal
of oil soluble products from the top layer and water soluble
products from the bottom layer while reaction is continuous in
the emulsion.

In recent years various supported noble metals, such as Ru,
Pd, Pt, Rh, and their alloys, have been widely used in aqueous phase
non-sulfide-based HDO process for conversion of lignin based
monomeric model phenolic substrates to hydrocarbons.>™ In the
process of hydrotreatment of pyrolysis oil fractions has been
considered as promising energy career however chemical aspects of
the HDO reactions in fast pyrolysis oil was not investigated in detail
even though it was found that the carbohydrate fraction has been
very reactive in HDO of pyrolysis oil. It is important to disclose the
chemical aspects of the disassembly/”unzipping” process of lignin
involving HDO which offers production of value-added products.
Recent investigations on model lignin compounds have
demonstrated the utility of ruthenium hydrogenation catalysts and
nickel carbene hydrogenation catalysts for the hydrogenolysis of the
aromatic CO bonds in aryl ethers important for the generation of
fuels and chemical feedstocks from lignin. Study on the lignin model
compounds revealed the relative reactivity of ether substrates scale
as Ar-O—Ar > Ar-OMe > ArCH,~OMe (Ar, Aryl; Me, Methyl).>*
Refractory aryl ether biopolymer to hydrocarbon conversion is a
formidable challenge to the synthetic chemists. Results from this
work have demonstrated that the selective cleavage of aromatic C—O
bonds in the presence of other C—O bonds can be conducted without
reduction of the arene units although the mechanistic issues are not
yet resolved for this nickel system.
Performing HDO to remove covalently bonded oxygen from lignin
offers opportunities to not only break apart the lignin's complex
structure but also to increase the overall energy density and value of
the resulting products. The major complexity is that C—O and C—C
bond strengths are comparable, turning selective HDO versus
aromatic hydrogenation challenging. There are efforts recently taken
for overcoming such critical issues. For example, a bifunctional
catalyst constructed with Pd metal nanoparticle on carbon and ZnCl,
that can selectively cleave C—O bonds in a variety of lignin model
and lignin under relatively mild conditions (150 °C and 30-300 psi of
H,).*® Both Pd/C and Zn"* are present the benzyl alcohol and
aldehyde groups can be selectively deoxygenated in good yields
without hydrogenation of the phenyl ring. Most importantly,
monomeric lignin surrogates can be deoxygenated depending on the
synergy between the Pd/C and Zn'?. B—O—4 linkage of the lignin
macromolecule is the most abundant repeating subunit and its
selective cleaving such ether linkage undergoing HDO by using
Pd/C-Zn"™ system provided a mean of unfolding the complex
polymeric structure of lignin into small molecules of fuel value
(Figure 3, eqn. 1). In this model compound
guaiacyglycerol—f—guaiacyl ~ ether was  hydrogenated and
deoxygenated at 150 °C under 20 bar of hydrogen using Zn/Pd/C in
MeOH yielding primarily two products guaiacol and 2-methoxy-4-
propylphenol (Figure 5, eqn. 1). Catalyst performance was tested for
the B—O4 synthetic lignin polymer (M, 3390, DP, 12.1) which
undergone cleavage and deoxygenation (Figure 3, eqn. 2). EXAFS
and XANES studies confirmed that the 30% of the metallic
nanoparticles are oxidized and EXAFS studies also confirmed that
there is no existence of Pd-Zn bimetallic alloy however at higher
temperature (250 °C) XANES and Pd K-edge suggest a small
amount of Pd-Zn alloy formation. The investigation of chemical
aspects of deoxygenation revealed that Zn adsorption on carbon,

This journal is © The Royal Society of Chemistry 2012
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most likely onto —OH sites, and not forming a Pd-Zn alloy or direct
Pd-Zn interaction was very different as revealed from XAS studies.
Hypothesis given by authors based on the evidences, suggests, Zn"
participates in one of two ways, either activate substrate via binding
to OH groups inducing reactivity with Pd-H on the surface via
hydrogen spillover or alternatively Zn*? ions desorbed into solution
at the reaction temperature (150 °C). Zinc binds the substrate and
activates its cleavage upon encountering Pd-H sites on the catalyst
surface. Once the reaction mixture is cooled, the Zn™ ions are
readsorbed onto the C surface. However, Zn/Pd/C was found to be
more effective for the cleavage of B—O—4 linkage of lignin
molecules and subsequent HDO of aromatic fragments without any
chemical change in aromatic functional groups. The system is
capable of removing alcohol oxygen atoms on the alkyl chains and
maintain valuable aromaticity and thus useful for cleaving
recalcitrant ether bonds of model lignin dimer and polymers.

OMe

5w ZPaC OH oH
R Meo\© .
300 psiHy 2h HO (1)
o MeOH, 150 °C OMe OMe

s

major products

o) S /@NQM

Figure 5. p—0-4 dimeric and polymeric lignin cleavage and HDO to remove ether
oxygen using Zn/Pd/C system in methanol.

5wt% Zn/Pd/C

300 psi Hy 2h
MeOH, 150 °C

With the initial development of lignin depolymerization chemistry,
deoxygenation via the selective hydrogenolysis of C—O bonds has
been realized as a key strategy. Dispersed and immobilized
nanoscale metal catalysts with dual functionalities plays a significant
role in hydrogenolysis of C—O bonds.* In this regard, understanding
the nature of active sites in such bifunctional catalyst and reaction
pathways of C—O bond scission are essential to be addressed. How
superior a bimetallic catalysts can act on hydrogenolysis of lignin
C—0 bond was witnessed in a f-O-4 type C—O bond hydrogenolysis
of a lignin model compound 2-phenoxy-1-phenethanol with an
optimized 85% Ni and 15% Ru composition.”” This bimetallic
system contains near-surface Ru in the NigsRu;s however X-ray
absorption and photoelectron spectroscopic results suggest that
electron-enriched Ni atom preferentially occupies at the surface
studies. Hydrogenolysis results at various temperature and H,
pressure led authors to conclude that enhanced activation of H, and
substrate due to electron-rich Ni at the surface was major responsible
factor for higher activity than the single component metal catalysts.
Using the NigsRuys system, organosolv lignin from Betula
platyphylla suk, shows that monomeric products can be achieved
under the typical reaction conditions as noted in Table 3 in which
case the entire process can be investigated by measuring the intensity
of C—O bond vibration in the guaiacyl unit and nonconjugated C=0
vibration using FTIR spectroscopy. This method of NiRu bimetallic
system at optimized ratio of two metals suggests the importance of
such species in other processes which it is required to prevent
hydrogenation of aromatic ring, in which one of the metal
component is more active when used as single metal component.

Table 3. Organosolv lignin depolymerisation over Ni, Ru, Ni85Rul5 catalyst in
aqueus medium (reaction conditions: 50 mg of organosolv lignin, 3 mL aqueous
solution containing 0.22 mmol metal and 0.44 mmol PVP, 10 bar H,).*!

Catal. Sci. Name., 2014, 00, 1-3 | 5
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catalyst oH L] " ‘

organosolv water © N © Other
lignin 4’10 bar H monomers
2 OH OH
130°C
1 2 3
Catalyst Time (h) Yield (wt%) Residual
1 2 3 lignin (wt%)

Ni 1 0 0 0 46
Ru 1 0.1 0.03 0.03 50
NigsRu;s 1 0.1 0.6 0.1 58
Nig5Rll15 12 1.4 5.0 0.4 56
Ru 12 0.2 0.06 0.6 38

Further interesting feature was reported in the case of
NiAu catalyst for the hydrogenolysis of lignin into phenolic
chemicals with high selectivity for the f-O-4 type C—O bond
hydrogenolysis where with an optimum Ni:Au 7:3 offers 99%
conversion of lignin model 2-phenoxy-1-phenylethanol with
maximum 87% monomer yield when dimers were reaction
intermediates.®® The comparative TOFs of initial hydrogenolysis
results confirms the more active Ni;Au; catalysts with more active
surface sites and increased dispersion. From the EXAFS, XPS, ICP-
MS, UV-Vis experiments, authors proposed that the structure of the
NiAu catalyst would a Ni enriched Ni-Au shell encapsulates Au core
(Figure 6(a)). The exceptional performance of the NiAu catalyst at a
Ni:Au = 7:3 may be related to the unique electronic state of Ni
where an electronic modification of bimetallic species Ni;Au; can be
revealed from XANES spectra (Figure 6(b) where white light
intensity of Au increased with increasing Ni loading, pointing a
decreased electron density of Au atoms while interacting with Ni
which results a concurrent shift of Ni absorption edge towards a
lower energy as Au content increases. In this case Au act as electron
donor in NiAu catalyst, enabling neighboring Ni atoms to be more
electron enriched which is useful for lignin hydrogenolysis. Upon
applying for hydrogenolysis of organosolv lignin, average molecular
weight dramatically decreases due to the hydrogenolysis exhibiting
complete depolymerization. This case of manipulation of electronic
properties of one component of a bimetallic system (Ni) in
enhancing overall activity revealed by spectroscopic studies has
larger implication on future system design for lignin valorization.

Au core

w. -
Ni-Au shell

— Ni foil
——NiNP
Ni,Au,

— NijAu,
11920 1 1930' 11940 8340 8344 8318 8352

8325 8340 8355

Energy (eV)

11880 11920 11960 12000 12040 8370 8385

Energy (eV)

Figure 6. (a) Proposed structural representation of NiAu catalyst. b) Normalized
XAS spectra at AuLIIl edge of Au, NizAu; and NisAu; catalysts. A spectrum of
Au foil was included as a reference; ¢) normalized XAS spectra at Ni K edge of
Ni, NisAu; and NijAusz catalysts. A spectrum of Ni foil was included as a
reference. (Figure 6a, 6b, 6¢ are reproduced with permission, Copyright Royal
Society of Chemistry, 2014).
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In addition to develop and explore new combinations of
catalyst capable of controlled HDO, studies on oligometic lignin in
order to identify new combinations of catalyst matrixes with multi-
catalytic functionalities suitable for efficient depolymerization the
lignin polymeric framework into monomeric intermediate and
subsequent removal of oxygen via HDO process requires analysis of
inter-unit linkages. For example, a recent study revealed, for
technical grade lignin to produce C7 to C9 monomeric lignin
intermediate under HDO conditions with 5% noble-metal (Ru, Rh,
Pt)/AL,O; (or C)-zeolyst (e.g. NH," Z-Y 57277-14-1) catalyst
matrix.*® This multi-functional catalyst matrixes showed promising
selectivity in conversion of lignin to aromatic hydrocarbons (alkyl
bezene derivatives) from a wide variety of lignins under HDO
conditions in aqueous media. Results show that the Al,O3 supported
noble metal catalysts are effective in reducing functional groups (e.g.
methoxyl groups) in lignin aromatic molecules, but are rather
inactive for the hydrogenation of the aromatic ring. Thus under HDO
conditions, Al,O; supports are preferable over the carbon supports
under different HDO conditions with noble metals (Ru, Pt, Rh) and
acidic zeolites (CBV 28014 CY 1.6 and NH*" Z-Y 57277-14-1) in
the presence of hydrogen to further improve the yields and
selectivity for the production of aromatic hydrocarbons (alkyl
benzene derivatives) for incorporation into commercial jet fuels to
increase the bulk density and lower cloud point of the fuels.
Replacing the acidic zeolite CBV 8014 CY 1.6 with NH*" Z-Y
57277-14-1 was shown to enhance aromatic hydrocarbons and the
product selectivities with the noble metals Rh and Pt on Al,O;
supports under HDO conditions. The high reactivity of technical
grade lignin based on their sub-structures (Figure 7) accounted for
their high reactivity as substrates for HDO reactions. Lignin
structure predominantly comprising of 8—O—4’ inter unit linkages
(C-O0—C bonds) would undergo both hydrogenolysis and
deoxygenation via cleavage and simultaneous removal of oxygen in
the presence of noble metal integrated zeolite catalyst matrix.

R, . O

Resinol (8-8')

Phenylcoumaran (8-5') Dibenzodioxacin (5-5'b-0-4'/7-0-4')

Figure 7. Inter-unit linkages based sub-structures of technical grade lignin.

Various analysis of lignin model compounds and distribution of
products obtained during the lignin aqueous phase reforming
revealed that lignin depolymerization through the disruption of the
abundant f—O—4 linkages and less extent, the 5-5° carbon-carbon
linkages to form monomeric aromatic compounds is well known,®
however less efforts has been invested for developing selective HDO
techniques to access hydrocarbons from lignin or lignin model
compounds. In this context, a combined depolymerization and
(hydro)-de-oxygenation of lignin in a single step to access phenolic
product over a Pt catalyst with formic acid (H, source) can
significantly reduce molecular weight and oxygen content.®
However, this single-step disassembly of lignin offers monomeric
cyclohexyl derivatives and aromatic products.>%

A combined depolymerization and HDO of lignin in a two
steps using Pt/Al,O; (ethanol/water) and CoMo/Al,O; under high

This journal is © The Royal Society of Chemistry 2012
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pressure of H, was reported for the organosolv and kraft lignin
which involves liquid-phase refoming, extraction of lignin-oil and
further subject to a HDO step to access deoxygenated products i.e.
mono-oxygenated phenolics (Figure 8).%* It happens that, without a
pretreatment step, HDO process with Mo,C/CNF (carbon nano fiber)
on organosolv lignin offers only small percentage of monomeric
phenolics (Figure 9). In spite of positive temperature effect on
reducing oxygen content of HDO-derived products, required level of
success for hardwood lignin is yet to be achieved which must
include a convenient pre-treatment step.

Step 1 Step 2
Organosolv, LPR HDO HDO
Kraft & Bagasse = Lignin-oil — products
Lignin Ethanol

Iwater CoMo/Al,O5
PYAI,O4 Mo,C/Al,O5

225°C, 58 300 °C, 55

bar Ar, 2h bar H2r 4h

Figure 8. Two-step approach to valorization of lignin involving HDO.
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Figure 9. Yield of monomeric aromatic products after HDO of organosolv lignin-
oil over M0o,C/CNF catalyst under different conditions including

2.3 Enzymatic Oxidation

Generally, chemical methods to depolymerize lignin generate
low yields of complex mixtures of products and also results in
the formation of insoluble high molecular weight products.
Initially, microbial degradation of lignin has been investigated
primarily in white-rot and brown-rot fungi depending on the
ability of these fungi to produce extracellular lignin peroxidase
and Mn peroxidase enzymes for oxidizing lignin. It was
revealed that fungi use iron and redox mediators to carry out
Fenton oxidation to depolymerize lignin.®® Although fungal
lignin deconstruction has been studies since long however there
is no commercial biocatalytic process involving this technique
to date.®® Several bacterial strains are also able to break down

lignin, including actiobacteria such as Streptomyces
viridosporus which produces an extracellular peroxidase,
certain pseudomonads, and the anaerobic bacterium

Enterobactor lignolyticus SCFI. In Rhodococcus jostii RHA1,
whose genome sequence has been determined, we have
reported the identification and characterization of peroxidase
DypB, which can oxidize lignin models, Kraft lignin,
lignocellulose, and Mn*".%’7 Two further bacterial peroxidase
enzymes have been reported from Amycolatopsis sp. 75iv2: a
heme-containing enzyme capable of oxidizing lignin model
compounds® and a Dyp2 peroxidase enzyme with higher
catalytic activity for Mn®" oxidation.®” Synthetic biology is

This journal is © The Royal Society of Chemistry 2012

Catalysis Science & Technology

finding importance in designing new biosynthetic routes to
alkanol, biodiesel, and biofuels as non-fermentative pathway.”®
It was previously observed that R. Jostii RHAI DypB (lignin
oxidizing enzymes) is able to cleave a B-aryl ether lignin model
compound to produce vanillin and a two-carbon fragment
glycoaldehyde. ~The other aromatic metabolite, 5-
carboxyvanillic aid (2), is a potential intermediate in the
biphenyl catabolic pathway and can decarboxylated to form
vanillic acid for growth.”" Thus vanillic acid catabolic pathway
might be important for lignin breakdown.

For vanilic catabolic pathway, desired would be production
of vanillin from lignin component of lignocellulose using gene
deletion and the process can be engineered for the production of
aromatic compounds. This concept has an advantage of
generating small number of metabolites in predictive way
which requires a robust organism for which mutant strain
growing to high cell density which also prevents formation of
toxic aldehyde metabolites. A gene deletion strain of R. Jostii
RHALI in which vanillin dehydrogenase gene had been deleted,
when grown on minimal medium containing 2.5% wheat straw
lignocellulose and 0.05% glucose, offers vanillin as product.”
A hypothetical catabolic pathways in R. jostii RHA1 for
breakdown of B-aryl ether and biphenyl components of lignin,
based upon the structure of observed metabolites is depicted in
Figure 10.

HO”
OH
o
Ho. Lﬁ o
Lignin oH O oH
o O ?
= "~ ]
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Peroxidase i "OMe
DypB O
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Figure 10. Hypothetical catabolic pathways in R. jostii RHA1 for
breakdown of B-aryl ether and biphenyl components of lignin, based upon
the structures of observed metabolites.

Synthetic biology has been used in Escherichia coli to engineer
new biosynthetic routes to alkanol and biodiesel, but thus far
there are limited applications toward biomass deconstruction
and little use of other bacterial hosts for synthetic biology.
Gene deletion mutant based biocatalytic route to access
aromatic chemical like vanillin from wheat straw lignocellulose
is a step significantly further towards a metabolic engineering
based approach.”

2.4 Carbonization

Bulk synthesis of materials for energy storage from renewable
sources using scalable technologies is desired currently. Even
though lignin is a major by-product of chemical pulping and
increasingly available for biofuel production, in spite of
chemical heterogeneity and structural variations, lignin’s high
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carbon content and phenolic structure make it an excellent
alternative source of carbon materials (Figure 11). Additionally,
high mass retention characteristic of lignin in thermal
processing has been witnessed in its conversion to carbon fibers
(CFs),”*™ porous activated carbon particles (PAC),”*"”® and
graphitic form of CFs. Lignin based CFs contains comparable
mechanical properties to commercial polyacrylonitrile-based
CFs for reinforcing composites.

Novel microstructured carbon materials find applications as
adsorbents and anode materials for battery or supercapacitor.”
Thus it is highly interesting to device synthesis technique to
access microstructured carbon materials from lignin involving
fiber processing and chemical modifications.

2.4.1 Carbon Fibers

The first report on the use of lignin as precursor for carbon
fibers deals with conversion of lignin into functional polymers
to obtain a spinnable material and fibers after thermal
stabilization followed by carbonization.®® In contrast to the
approach based on the use of binder polymer, straightforward
method of obtaining carbon micro and nanofibers by the co-
electrospinning Alcell lignin solutions at room temperature
followed by thermal stabilization and carbonization to produce
carbon fibers was reported.®' Alcell lignin electrospun
nanofibers (ALFs) were stabilized by thermal treatment in air at
room temperature to 200 °C for 24 h which offers fibers of
similar size and then this was carbonized to obtain carbon
nanofibers at 900 °C. The carbon crystallites with a preferred
orientation along the fiber axis results smooth fiber surface. The
fiber remain in the glassy state (7, > 7) and the structural
organization in the carbon nanofiber was revealed with Raman
Spectroscopic study which tells that a lower contribution of
structural disorder in the higher-temperature and graphitic
carbon formation (E,,, 1575 cm’') confirmed an onset structural
organization. The fiber was found to be oxidation resistant and
highly microporous and large micropore volume makes this
nanofibers suitable for CO, adsorption-desorption process.

Figure 11. Pictorial depiction of lignin as potential source for the various
nanostructured carbon materials suitable for advanced technological applications.

A rapid freezing process of aqueous lignin solution,
followed by sublimation of the resultant ice forms a uniform
network comprised of individual interconnected lignin
nanofibers and carbonization of that offers similarly structured
carbon nanofiber network.?* The rapid freezing process resulted
in the elimination of larger spaces and macropores observed
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due to the formation of smaller ice crystals. Smaller and
uniform fiber diameters were generated due to the more rapid
heat removal and uniform cooling rates resulting lignin and
subsequently individual carbon fibers with diameter less than
100 nm (Figure 12). Fibers tend to have preferential alignment
in the direction of freezing front which depends on the
concentration.

Figure 12. Scanning electron micrograph of carbon nanofibers. Individual CNFs
derived from lignin with diameters of less than 100 nm. (Reproduced with
permission from reference 82, copyright American Chemical Society, 2012).

It has been demonstrated that the conventional graphitic anode
of lithium ion batteries can be replaced with lignin carbon
fibers (LCFs) when synthesized and applied as monolithic
fused mats which contain specific charge capacities.®® LCFs
carbonized at 1000 °C has specific charge capacities. In this
case, irreversible lithium insertion and extraction was witnessed
in the more disordered LCFs carbonized at 1000 °C with the
smallest nanoscale graphitic domains. The question is why we
need graphitic domain in a carbon fiber which can enhance the
performance of the battery. This happens due to the reason that
carbonized structure is modulated to yield an active material
with internal mesostructure consisting of high density,
nanoscale crystalline (graphitic) domain surrounded by a
continuous, low-density, highly disordered carbon matrix. This
amorphous carbon enables facile, isotropic lithium transport
throughout the fiber structures, providing access to charge
storage sites within the nanoscale graphitic domains.® It was
found that the matrix graphitization increased with the increase
in carbonization temperature, i.e. long-range graphite order
with no preferential orientation along the fiber axis as shown in
SEM image of typical LCF fused mats after carbonization and
varying level of fiber-fiber fusion (Figure 13) in which the mat
densities can be controlled. The mats are excellent anode
materials exhibiting tunable electrochemical performance
suitable for high energy applications. The synthesis method
results electrically interconnected 3D architechture from lignin
3D structure and final carbon fiber acts as current collector and
Li insertion materials. This carbonized lignin has disordered
nano-crystalline microstructure.

This journal is © The Royal Society of Chemistry 2012
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Figure 13. SEM image of varying levels of fiber-fiber fusion in LCF mats.
(Reproduced with permission from reference 83, copyright Wiley-VCH, 2014)

Structural modification of lignin with different ester groups
which results a precursor highly compatible with melt
processing technique for fiber extrusion and further conversion
into microstructured carbons by oxidative stabilization and
subsequent carbonization.®® The acid anhydride modification of
lignin hydroxyl groups (acyl substitution) under neutral
condition and under a long reaction time (6h), most of the
available (phenolic and aliphatic) hydroxyl groups of lignin
would be esterified however that wouldn’t change the
polymeric structural characteristics of lignin throughout the
modification process. Interesting is that the surface areas of
resulting carbon materials falls in the range of commercial
graphitic carbons. Phthalic anhydride modified lignin contains
relatively higher microscale porosity as compared to the
unmodified lignin based carbon fiber (Figure 14). This
modification influenced on the underlying meso- and
microstructure development and pore creation and the
carbonization temperature can be adjusted to access carbons
with either more graphitic or disordered structures.

Figure 14. Scanning electron micrograph of carbons from (a) phthalic
anhydride modified lignin and (b) micro scale porosity of phthalic anhydride
modified lignin. (Reproduced with permission from reference 85, copyright
RSC, 2013)

Devising methods for ultrafine (100-500 nm) highly porous
activated carbon fibers (ACFs) by the electrospinning of
aqueous solutions of predominantly alkali lignin (low sulfone
content) followed by simultaneous carbonization and
activation.’® The major advantage of this process is the
simultaneous carbonization and activation in a single heating
step which resulted a range of micropore- to mesopore
dominant ACFs with superior specific surface and porosity
tuned by varying the contents of alkali hydroxides. Use of the
electrospinnable PEO carrier as one ninth of the AL turned the
mixture electrospinnable into fibers. Interestingly, size variation
of fibers in 100-300 nm and 300-500 nm range when using
NaOH and KOH can also be achieved (Figure 15). The
decreased fiber sizes are generally attributed to the increased

This journal is © The Royal Society of Chemistry 2012
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charges of the solutions and improved charge dissipation with
the added electrolytes in electrospinning.

Figure 15. SEM images of AL1s-PEO hybrid fibers with NaOH (a, b) and
KOH (c, d). (Reproduced with permission from reference 86, copyright
RSC, 2014)

This approach offers highly porous and high specific surface
ACFs with both mesopores and micropore with different size
proportions with slit-like micropores at 0.1 impregnation ratio,
developed into a network of larger mesopores connected or
embedded within the micropores matrix by narrow necks as the
ratios increased to 0.3 and 0.5 along with increase of
mesopores.

Production of carbon fiber by mixing carbon nanotubes with
the carbonaceous precursor to generate carbon nanotube
composite fibers and this depends on the chemical modification
of the carbonaceous precursors and in this case anhydride
compounds plays a special role which turns functionalized
lignin suitable for fiber production.®” This carbon fibers derived
from lignin contains controllable turbostatic disorder which is
controllable by the choice of functional agent and aspect ratio.
In addition, fibers can be derived with desired transport and
interfacial properties. These lignin derived fibers found
potential applications in Li-ion batteries.

Melt-spinning is already proved as a suitable technique to
access carbon fiber and when lignin was modified chemically
and blended with poly(lactic) (PLA) before melt-spinning into
lignin  fibers.®® This pre-carbonization functionalization
involves butyration to form ester functional groups in place of
polar hydroxyl (-OH) groups, which enhances the miscibility of
lignin with PLA. Microstructure analysis (SEM and TEM) of
carbon fibers produced from lignin/PLA blends revealed the
composition dependent microporous structure inside the fine
fibers (Figure 16). The microvoids in the cross section of all
fibers, which is absent in pure lignin derived fibers, produced
by PLA after carbonization and size of the microvoids
decreased with the increase in lignin content.
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Figure 16. SEM images of cross-section of carbon fibers from B-lignin/PLA
blends, (a) 50/50; (b) 75/25; (c) 90/10; (d) 100/0. (Reproduced with
permission from reference 88, copyright Elsevier, 2014)

A strategy of porous core construction has been witnessed
in case of controlled co-electrospinning and carbonization
method of lignin and cellulose which produces core-shell
carbon fibers with cellulose nanofibrils (CNFs) with porous
core. After carbonization a hollow fiber structure was obtained
with increased surface and porosity.? It is advantageous that
increased surface area and porosity extended via co-
electrospinning method provides improved platform for various
interactions between fibers and their surrounding environments
which potentially enhanced the performance of the fibers for
advanced applications. Core-shell CNF-lignin/Pan fibers
exhibit relatively smooth surfaces where porous core consisted
of CNF network and shell consists of lignin and LAN.
Difference of lignin based hollow fiber (lignin/PAN) and CNF-
lignin based core-shell fiber (CNFs-lignin/PAN) can be easily
found while considering cross sectional surface as shown in
Figure 17.

In the past and currently, phenolic resin has been broadly
applied as source of activated carbon fibers (ACFs), and the
lignin with penyl-propane structure similar to the phenol-
formaldehyde resin, is found to be ideal replacement to prepare
phenolic resin. Furthermore, application of this resin to
fabricate lignin-based carbon materials of controllable surface
and pore structure and physical properties are desired.

Figure 17. SEM images of hollow and porous core-shell carbon fibers
derived from lignin/PAN and CNF-lignin/PAN respectively. (Reproduced
with permission from reference 89, copyright Elsevier, 2013)

2.4.2 Microporous Carbon
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Nanostructured carbons with hierarchical pore arrangement are
considered as one of the most appropriate electrode materials
for high-performance electrochemical capacitors. The ordered
mesopores network of these materials provide shorter diffusion
pathways along the carbon particles, which enhances diffusivity
of molecules and/or ions to make the inner surface more
accessible than the microporous activated carbons. The
presence of certain oxygen surface groups on carbon materials
can contribute significantly to the performance by improving
the wettability of the surface and enhancing pseudocapacitance.
Preparation of hierarchically porous carbon from biomass
sources is an emerging area of further investigation. The
technique to access such novel nanostructured carbons majorly
depends on nanocasting technique using hard or soft template.
Microporous carbon with a 3D connected and ordered pore
structure can be produced by liquid phase impregnation (LPI)
with a carbon precursor over a porous zeolite and further
template is traditionally removed by HF washing. To prepare
ultraporous carbon use of zeolite template and lignin as carbon
precursor to obtain zeolite-template carbons (ZTC) containing
finger print of zeolite was been achieved recently.’® This lignin
derived ZTCs contains a bimodal pore structure where
microporosity results from both removal of zeolite walls and
the lignin carbonization, and a mesoporous network is
originated as a result of the incomplete pore filling of the hard
template. The interesting part is to analyse the origin of
mesoporosity for the template carbon materials which replicate
both the external and internal morphology of the corresponding
zeolite crystals.

3. Summary and Outlook

We have reviewed recent work on a number emerging
strategies of lignin valorization including, depolyerizations into
monomers, further upgradation of monomers, enzymatic
oxidation, and carbonization. Among these, depolymerisation
via hydrgenolysis of lignin into monomers has been the key
strategy however, with the development nanoscale catalyst,
selective deoxygenation via the hydrogenolysis of 5-O-4 type
C—O bond has emerged as a challenging target for further
upgradation of monomers obtained via lignin depolymerization.
Emerging strategies of enzymatic oxidation of lignin is
reviewed with limited case along with covering the potentials
of lignin for the production of carbon materials of a wide range
of nanostructures.

As a resource of nanomaterials, biopolymers have many
advantages and can be extracted industrially on a large scale,
for example, lignin from kraft pupling.®’ Some of the current
approaches showed that lignin can be versatile source to obtain
high quality wide range of nanostructured carbon fibers which
are emerging materials for the electrochemical energy storage
applications. The article has also analyzed the scope of the
deoxygenation techniques for upgradation of lignin-derived
aromatic functionalized monomers and its successful recent
outcomes for accessing high value deoxygenation products
containing the intact aromatic ring. However, lignin
depolymerization from intact biomass currently produces a
largely heterogeneous slate of molecules, which makes lignin
valorization an enormously difficult problem. Such strategies of
cleavage of polymeric units consists of aromatic fragments
demonstrate the careful selection of reactive molecules or
nanoparticles capable of selective cleavage of biomass lignin.
This makes a successful route to disrupt the recalcitrance of
lignin under controlled conditions to generate value from lignin

This journal is © The Royal Society of Chemistry 2012
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and to make carbohydrate fraction more reactive for hydrolysis.
Enzymatic strategies involving synthetic biological processes
involving appropriate enzymes are currently evolving and has
lot to offer. In nature, lignin is slowly degraded by white-rot
fungi such as Phanerochaete chrysosporium, which provides an
extracellular lignin peroxidase enzyme to begin the degradation
process. Manganese peroxidase and laccase enzymes that are
also capable of lignin breakdown to initial breakdown products
such as phenylpropanoid dimers which can be further degraded
via aromatic meta-cleavage pathways and this is carried out in
nature by soil bacterias. Certain studies that contain huge
potential to change the face of lignin valorization are envisaged
as follows,

1) Accessing non-pyrolytic lignin bio-oil by developing new
depolymerisation strategy is essential since the lignin-bio-oil is
extremely amenable to HDO for further upgradation, and
therefore a catalytic biorefining method can be established.
Transfer hydrogenation in alcohol media has found as a
potential strategy as discussed earlier in this article. New
hydrogen transfer strategy under mild condition will be sorted
for the future development of depolymerisation process to
access lignin-oil-fraction. Efficient strategies would enable to
proceed by avoiding the use of recalcitrant solid polymer
obtained from organosolv process.

2) Establishing the role of bimetallic alloy system for selective
C—O bond hydrogenolysis is one of fundamental interests
related to lignin valorization and its chemical aspects.
Development of strong and effective homogeneous catalyst for
HDO is something are not often witnessed recently. This topic
has significant scope for developing new lignin chemistry.
Moreover, in HDO of naturally occurring lignin species, what
features of lignin surface and its role will be important, that is
yet to be revealed. In plenty of ways, HDO process are to be
studied extensively in future in addition to design and improve
conventional methods of lignin depolymerization.

3) Identify new bacterial lignin degraders and test enzymes like
manganese peroxidase and laccase in solution phase and
immobilized phase. Mechanism of lignin cleavage by enzymes
is an interesting area to explore. Poltsaccharide monooxygenase
enzyme AA9 (GH61) is also another candidate for the lignin
valorization.”? In this respect, bacterial peroxidase enzymes are
potential bet which are capable of oxidizing lignin.** The article
highlight this part is because to convey the message that experts
of biology has a major role to play in near future for the gene
specific or gene altered enzyme specific disruption of
biopolymer chain of lignin. Apart from exploring new
oxygenase enzymes, novel nanomaterials-enzyme composites
and enzyme encapsulated nanoscale materials as biocatalysts
should be explored and this offers a potential area develop
lignin chemistry.

4) The strategy of exemplifying the potential of different rigid
templates such as hierarchical zeolites and large pore metal-
organic frameworks can be extensively tested for the access of
hierarchical porous carbon (HPC) by infiltration of lignin as
carbon source. Novel strategies to obtain carbon by using lignin
as carbon precursor has plenty to offer for design and develop
energy storage devices. In order to develop strategies of
chemical modification or chemical conversion of lignin, it is
high important to considered the bonds which are to be cleaved.
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