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ARTICLE INFO ABSTRACT

Keywords: Lignin, one of the main biopolymers in lignocellulosic biomass, is a promising feedstock for producing aro-
Biorefinery matic chemicals and BTX-fuels. Despite high availability, lignin remains under-valorized to chemical for-
Catalysis mation motivating research towards upgrading through depolymerization. Catalytic approaches are partic-
SM(’;;Z':!eerf:eCt ularly studied since they can influence the selectivity of depolymerization. Next to thermal or acid/base de-

polymerization, catalytic routes under either oxidative or reductive atmosphere represent a very attractive
way to produce aromatics for fine chemistry and energy. This literature overview shows that the depolymer-
ization outcome depends strongly on the reaction conditions. While under oxidative atmosphere highly
functionalized high-added value chemicals like vanillin are obtained, alkylphenolics and BTX are mainly
observed when conducting the reaction under reductive atmosphere. Additionally, results depend mainly
on the nature of the catalyst for the former approach, whereas reaction conditions play an essential role
when operating under hydrogen. Understanding and comparing these quite complex methodologies over
the last ten years constitutes the focus of this review.

Bio-based platform chemicals

1. Introduction

Lignocellulosic biomass is a well-known promising feedstock to en-
sure the production of renewable chemicals and fuels for the future re-
placing at least partially the fossil resources. Lignin is one of the major
components of this lignocellulosic biomass. Despite the fact that lignin
can be produced at high scale from the pulp and paper industries, it is
currently underutilized for the production of chemicals. One interesting
valorization is the depolymerization of lignin to provide aromatic plat-
form chemicals. Indeed, lignin is the only abundant polymer consti-
tuted of aromatic moieties and represents therefore a natural resource
for a biosourced production of aromatic molecules. It is well known
that lignin obtained after lignocellulose fragmentation is drastically
modified compared to the “native” lignin initially present within the
biomass [1]. These modifications, especially through condensation re-
actions (i.e. formation of C—C bonds), produce a “technical” lignin
more robust towards depolymerization. A general structure of lignin is
presented in Fig. 1 showing the heterogeneity of the constituting
monomeric components and of the primary linkages forming the poly-
meric network. Nevertheless, some tendencies exist depending on the
lignin origin. Guaiacyl units are mainly found in softwood with p-
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hydroxyphenyl in lower proportion while hardwood contains also sy-
ringyl units. For both types of wood, the dominant inter-aromatic link-
age is the so-called p-O-4.

Considering lignin valorization, catalysis is taking a predominant
place since it can promote lignin depolymerization through different
routes leading to different product families and, in the general context
of biomass valorization, is currently the subject of intensive studies [2].
Depolymerization of lignin can be performed via various processes, en-
zymatic, thermal and catalytic and the operating conditions greatly
impact the composition and yield of products. For instance, depolymer-
ization can be performed in the presence of acid-base catalysts, or with
metal catalysts under oxidative or reductive conditions. Oxidative
processes have the advantage to give access in a green manner to high-
value functionalized chemicals while reductive depolymerization leads
generally to higher quantity of monomers, including deoxygenated
products like BTX (benzene, toluene, xylenes) which are of interest as
platform molecules. Here the heterogeneity of the polymer structure
may have an impact on the selectivity of linkage cleavage and conse-
quently on selectivity of monomeric products. Since the first compre-
hensive literature review from Weckhuysen and coworkers [2], numer-
ous review papers have appeared covering general aspects of the cat-
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Fig. 1. Schematic representation of lignin with some examples of the main fragments types and bonds.

alytic transformation of lignin highlighting the research efforts that are
currently performed in this field [3-11]. All general information con-
cerning lignin origins, isolation, structures, current uses, and possible
valorization methods are also available through this literature. For ex-
ample a recent review article from Rinaldi and coworkers presents
many aspects of lignin valorization from the beginning-to-end, report-
ing the recent advances made on the biosynthesis aspects to the val-
orization including the recent “lignin-first” approach [12]. Effectively,
in order to circumvent the lignin modification after usual fragmenta-
tion processes, many authors propose new fractionation technologies
to preserve the native lignin structure and facilitate the catalytic con-
version to functionalized monomers [13,14]. Even if those technologies
are very promising and efficient, the valorization of a great part of co-
produced lignin in biorefineries or pulp industry targeted to cellulose
exploitation is still highly desirable. The present review intends to focus
on two distinct routes of catalytic lignin depolymerization under ox-
idative and reductive conditions. The aim is to present recent advances
obtained by the use of heterogeneous and reusable catalysts on lignin
giving monomers. This excludes studies on lignin models that will be
discussed only if pertinent. It will first detail the oxidative depolymer-
ization, then the reductive depolymerization. The transformations will
be described depending on the specific tendencies for each. For exam-
ple, it appears that for oxidative depolymerization the type of catalyst
plays a major role and a wide diversity of catalysts have been assessed.
For reductive depolymerization, the catalytic systems are less varied
while the operating conditions are clearly crucial.

2. Catalytic oxidative depolymerization of lignin

Several review articles already cover some of the work realized in
almost all fields of this transformation route and the reader is invited to
consult these reviews either for a general landscape or for precise points
concerning a specific technology [15-27]. As introduced above, the
present review intends to focus on works dealing with heterogeneous or

recoverable catalysis approaches trying to describe the relationships
between the lignin and the catalyst. Additionally, despite the fact that
a variety of oxidants are used, only those using oxygen as the oxidant
will be discussed here, either pure or diluted in nitrogen including air, to
highlight the green chemistry context. Moreover, as for the reductive
depolymerization, the majority of articles concerning oxidative depoly-
merization deals with molecular lignin models presenting the most
widely occurring bonds like the p-O-4 linkage. Here, this review ad-
dresses the literature dealing with technical lignin transformation that
reports key qualitative and quantitative data to support the experi-
mental observations. In addition, a few reports were included given
their “innovative” approach. Various type of catalysts were proposed
for the oxidative depolymerization of lignin and this part will describe
the reactivity of lignin with these different catalysts.

2.1. Polyoxometallates

Polyoxometallates (POMS) are well known catalysts for oxidation
reactions, especially those based on molybdenum or vanadium metals.
POMS have been used as oxidation catalysts in delignification for pro-
ducing pulp in the paper industry since the 90 s; however, reports ad-
dressing their potential to produce chemicals from lignin are rather re-
cent. In 2008, Rohr and co-workers demonstrated that POMs are effec-
tive oxidation catalysts for converting Indulin Kraft lignin into aro-
matics, mainly vanillin. Note that there was no mention of the effect of
the acid features of the POMs on these transformations. Treating In-
dulin in a MeOH-H,0 (4:1) mixture at 170 °C under O, (10 bar) with
H3PMo15040, authors reported a 70 % conversion of initial lignin to ex-
tractibles in CHCl;3 (ca. 65 %), 5 %,.being lost as gas products (Scheme
1). Interestingly, the authors reported some characterization of ex-
tractibles that contain, when stabilized (see below) 7 %, (vanillin and
methylvanillate) in a 1:1 ratio (from esterification of vanillic acid un-
der the reaction conditions) and oligomeric compounds that represent
an average molecular weight M,, =1860 g.mol~!, much lower than
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Scheme 1. Lignin oxidative depolymerization with polyoxometallates in methanol.

that of initial lignin (M, =4120 g.mol-1). Therefore, significant reduc-
tion of M,, was observed [28]. Very interesting in this report is the reuse
of the catalytic reaction medium recovered after filtration of remaining
lignin and extraction of products. Despite the fact that some catalyst
was found in the solid products, the recovered medium showed con-
stant activity providing constant yields since the second run. From a
process view, it was noticed that a slight increase in vanillin and
methylvanillate yields attributed to incomplete extraction of the aro-
matic compounds after catalytic run enhancing thus observed yield in
following runs. Slight deactivation was observed in the 7th run, which
was solved by adding sulfuric acid to restore initial acidic conditions. In
fact, while the pH of aqueous solution of indulin was given as 10.5 by
the supplier, it decreased to 1.13 after addition of the aqueous solution
of POM catalyst.

Following this report, Zhao et al. reported the depolymerization of
various lignins using HsPMo1oV2049 as catalyst under conditions, once
optimized, similar to those described by van Rohr and coworkers
(190 °C, MeOH-H,0 9:1), pH of reaction mixture 0.93, O, 20 bar [29].
Five lignins were studied varying from the nature of the extraction
process, i.e. pyrolytic (PL), hydrolytic (HL) (from HCI process), alkali
(AK), lignosulfonate as sodium (LS) or calcium (LC) salts, and probably
that of the botanic origin. Therefore, these lignins differed in term of
molecular weight (M,, from 1047 to 60.000 g.mol-!) and degree of
polymerization (DP) of constitutive C9-phenylpropyl units (DP from 6
to 400). Initial studies were conducted in a different solvent mixture
MeOH-H,0 1:9. While the efficiency of the catalyst depends on the re-
action temperature (150—210 °C) and the solvent mixture, an optimum
was observed at 190 °C. At this temperature, the authors argued that
M,, and DP played an important role in terms of oily product yields. Py-
rolytic lignin having the lower values (M,,/DP 1047/6) gave also the
highest yield of 15.2 %. Other lignins gave yields between ca. 5 % (AL,
60.000/400) and ca. 17 % (HL, 45.000/300) (SL and CL gave resp. ca.
12 % and 8 %; resp. 52.000/350 and 18.000/120). From these data, ef-
fects of M,, and DP are obvious suggesting that other factors, like S/G/
H ratio, influence also the production of oily compounds. The main im-
pact on efficiency was revealed when addressing the effect of solvent
mixture ratio. Increasing the content of methanol, yields of oily com-
pounds reached for PL 47 % in a mixture MeOH-H,0 9:1. Authors at-
tributed this effect to the role of methanol as promoter of the oxidation
through radical formation and its role as capping agent preventing
degradations or recondensations. Here also efficient reuse of the cata-

H3PM01 2040

cannot prevent gr HaPW. -0,
over oxidation # 1240

e in Hy0 H

Alkali lignin
0, 175-225°C

lyst was possible by recovering the product-free reaction medium up to
5 cycles, confirming the stability of POMS catalysts under these condi-
tions. However, methanol was described in other works related to
lignin depolymerization to give higher alcohols and alkylation prod-
ucts thus increasing the yields of oily fractions [30,31]. This assump-
tion is supported by studying the composition of the oily fraction that
contains, like in the work reported by van Rohr and coworkers, aro-
matic compounds such as aldehydes, carboxylic esters (methanol de-
rived from) along with diesters from methanol issued from over oxida-
tion of the aromatic products. Unfortunately, no quantitative data
were given for each compound preventing estimation of the presence or
not of higher alcohol products. Another recent report concerns the ox-
idative depolymerization of alkali lignin comparing tungsten- or
molybdenum-based POMs. Reactions were conducted between 175 and
225 °C. Whatever the catalysts, carboxylic acids such as formic, acetic
and succinic were the main products observed attesting for an over oxi-
dation of the intermediate aromatic compounds derived from lignin de-
polymerization (Scheme 2) [32]. Generally, best results were observed
at 200 °C, with both catalysts, especially with the molybdenum-based
POM that proved to be more selective giving 95 % lignin conversion
and ca. 45 % total yield of carboxylic acids. Catalyst recovery was pos-
sible using gravimetric procedures by addition of Et,0 forming a POM-
ether complex for H3PW;504, or by simple distillation of the reaction
mixture for H3PMo015,04o. Noteworthy, in this report the authors did not
observe, nor report, the presence of aromatic compounds like vanillin or
vanillic acid. This can be rationalized by comparing the applied reac-
tion conditions. In this work all reactions were conducted in pure wa-
ter, whereas in previously described studies alcohols were used as co-
solvent, confirming therefore their role to prevent degradation reac-
tions (i.e. over oxidation). This provides some indications for develop-
ing further lignin depolymerization with such highly active oxidation
catalysts depending on the targeted compounds.

2.2. Perovskites

Perovskites of general formulae ABO3 or alternatively, AB; D403
(with A = La, B = Mn, Co, Fe, D = Cu...), are a well-established class
of catalysts for hydrocarbons oxidation due to the redox behavior of
the B and D metals. Their use as catalysts in oxidative depolymeriza-
tion of lignin is rather recent, and was mostly developed by Lin and Liu
and coworkers [33-35] following the pioneering works of Yang et al.

o

YOH . CH%‘/OH +HDNOH
0 0 0

formic acid

acetic acid succinic acid

Scheme 2. Lignin oxidative depolymerization with polyoxometallates in water.
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[36] and Royer et al. [37]. Authors evaluated various perovskites for
oxidative depolymerization of enzymatic extracted lignin from steam-
exploded cornstalk (Table 1).

Data reported in Table 1 show that perovskite catalysts improve
both lignin conversion and production of aromatics. As expected, best
results were obtained with catalysts containing Cu. Thus with
LaFeq gCug 203 65 % of conversion was observed (Scheme 3). Respective
yields of aldehydes probably reflect the original composition of lignin
used; that is linked to S/G/H ratio (not given here) and the facility to
break corresponding bonds. Nevertheless, for each analyzed aldehyde,
an increase of the yields was observed in the presence of catalyst, those
containing Cu exhibiting the highest yields. However, yields of vanillin
and syringaldehyde decreased after a relatively short reaction time
(0.5-1 h) that was attributed to over oxidation to organic acids.

Although difficult to assess, XPS studies support a possible mecha-
nism involving formation of redox metallic couples by adsorption of
oxygen species at the surface of the perovskites. The efficiency may be
related to the good oxygen storage capacities of such materials. Effi-
cient reusability up to 5 cycles was demonstrated with all catalysts
which were reengaged without specific treatment after a simple filtra-
tion and no structural nor textural changes were observed during the
lignin oxidative depolymerization procedures.

2.3. Metal oxides

Metal oxides are common oxidation catalysts. For lignin oxidative
depolymerization, besides rhenium oxides and associated MeReOs
[27,38], CuO is probably the most documented catalyst [39]. Good ac-
tivity can be reached, but generally the selectivity is not very high par-
ticularly when considering vanillin product. Zhu and coworkers re-
ported recently the use of ReOy supported on y-Al;,O3 as an efficient cat-
alyst to produce vanillin from Kraft lignin in molten phenol as solvent
(Scheme 4) [40]. While the use of phenol is disputable for green chem-
istry considerations, it led to high selectivity towards vanillin (95 %,
based on analyzed products), and could be recovered by distillation for
reuse. However, as in other reports, the yield remained low (< 7.5 %).
Interestingly, while vanillin yield decreased over time (i.e. 7.3 % at

Table 1
Lignin oxidative depolymerization with various perovskites [33-35].
Catalyst Lignin  p- Vanillin Synringaldehyde
conv. Hydroxybenzaldehyde (%) (th)/ (%) (th) /3 h
(%) (%)1h/3h 3h
no 42 0.9/1.5 3.2/ 5.5(1h)/4.0
2.9
LaMnOj; 57 1.3/2.0 4.3(0.5)/ 9.3(0.5h)/4.2
3.9
LaCoOj; 57 1.5/2.2 4.5 (0.5) / 10.0 (0.8 h) /
4.2 4.8
LaFe(oCup 03 60 1.4/2.2 4.4 (0.7) / 10.8 (0.5 h) /
3.7 4.9
LaFeygClg2,05 65 1.6 /2.5 4.6 (0.7)/ 11.5 (0.5 h) /
4.3 4.9

Reaction conditions: aqueous solution of lignin (60 g.L~!), NaOH (2 mol.L1),
catalyst (3 g.L 1), Pz part.. 5 bar in nitrogen, Pro: 20 bar, 120 °C.

highast yields in the
presence of Cu

Catalysis Today xxx (xxxx) 1-14

60 min, 6.9 % at 80 min), it seems that the use of phenol can prevent
over oxidation compared to other media. This was accompanied by the
formation of other unidentified products issued from lignin.

Concerning the catalyst, the oxidation state of Re was not defini-
tively determined but ReO3 and Re,;O7 species have been identified from
XPS and Raman spectroscopy. Efficient recyclability was demonstrated
at least 3 times after catalyst recovery by simple filtration. Note that
under the same conditions other supported metal oxide Fe;03/y-Al,03
gave poor activity. Also, comparison with ReOy supported on CeO, in-
dicates that the slightly higher acidic character of y-Al,03 may play a
positive role in forming vanillin.

Mixed metal oxide catalysts represent an interesting approach in
the oxidative depolymerization of lignin, as it can be with perovskites.
For example, Barakat and coworkers described recently the use of vari-
ous CoFeO mixed metal oxides [41,42]. Alginate was used as a sacrifi-
cial template to provide nano-nucleation delivering after calcination
mixed metal oxides with relatively well-defined particle size of about
30-50 nm. Several catalysts with varied Co:Fe ratios were prepared
giving compositions CosxFe 04 or CoyFe24)Os. After studies on lignin
model polymer prepared by peroxidase-polymerization of G- and/or S-
monomer units, the authors addressed the reactivity of an Organosolv
lignin extracted from wheat straw. Among the catalysts, Co; gFej 204-
CoggFe; 203, that corresponding to Fe:Co 1:1 ratio, demonstrated the
best performance showing a positive effect between the two oxides. It
formed mixture of aromatic molecules in 10-20 %,,;in which aldehydes
(mainly syringaldehyde) are the main compounds observed, using wa-
ter or water/methanol mixture as reaction medium (Scheme 5). Alkyl
aromatics were also observed attributed to demethoxylation of lignin
upon catalyst action. When methanol was used as co-solvent it was
suggested that alkylation of lignin by methanol occurred as well since
their ratio increased. Authors noticed that the yield of aromatics de-
pended on the temperature, but also on the amount of catalyst, and in-
creasing catalyst loading favored aromatic formation. As an explana-
tion, the authors suggested that the basic nature of the catalyst could
help to overcome recondensation reactions that often occur during ox-
idative lignin depolymerization. Thus at 200 °C and after 4 h in pure
water under diluted oxygen (10 % in N, 10 bar) atmosphere lignin con-
version reached ca. 40 % giving syringaldehyde with a selectivity to
main 50 % based on identified compounds. The catalyst was recovered,
dried then calcined before reuse, and selectivity into main products re-
mained constant over at least 2 more cycles.

2.4. Metal catalysts

Metal catalyst are relatively often used in the field of lignin depoly-
merization, mainly under reductive or inert atmosphere. However, a
few reports concern oxidative depolymerization. Cobalt nanoparticles
embedded in N-doped porous carbon were reported by Sun et al. as effi-
cient catalysts [43]. The 5%Co/CN catalysts were synthesized by car-
bonization of Co-ZIF-based metal-organic-frameworks leading to
solids presenting a porous structure with interesting O, adsorption abil-
ities, while the Lewis acid character of the N sites may enhance lignin
interaction with the catalyst. While most of the work concerns molecu-
lar model of lignin, the authors reported results related to an Organo-

§
H H _H
S LaFeggCups0s O o o
in ,gNaOH . e 0.
Cornstalk lignin + | +
Q5-MN; 120°C

vanillin

syringaldehyde p-hydroxybenzaldehyde

Scheme 3. Lignin oxidative depolymerization with Fe-containing perovskite.
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Scheme 4. Lignin oxidative depolymerization with supported Re oxide.

solv lignin extracted from birch. Treating this lignin in methanol at
110 °C under oxygen led to the disappearance of correlation signals
corresponding to key structural p-O-4 bonds in 2D HSQC spectra of re-
covered lignin. These observations were correlated to the formation of
aromatic compounds in the liquid phase in 15 %, as observed using
GC—MS (few compounds were identified, including phenol, syringyl
derivatives; no aldehydes, no carboxylic acids, alkylated compounds
were reported attesting for alkylation reaction via methanol [30]. Ex-
periments conducted in the presence of TEMPO indicated that the
mechanism may involve radical formation. Catalyst recovery was pos-
sible using an external magnet. After ethanol washing and drying it
was reused for lignin model oxidation showing a constant decrease,
probably due to Co® oxidation during the first run. The efficiency could
be fully restored after a reduction step. Gold nanoparticles with 2.1 nm
average size supported on Li-Al layered double hydroxide (LDH) were
recently used under O, atmosphere [44]. After addressing oxidative
cleavage of classical lignin bonds in model compounds, the authors en-
gaged the AuNPs/Li-AL LDH catalyst in the oxidative depolymeriza-
tion of Indulin AT Kraft lignin (from pinewood) and an Organosolv
lignin extracted from maple wood using y-valerolactone (GVL). DMF
was used as solvent in these experiments, and lignin samples were
treated in the presence of catalyst at 120 °C under 1 bar of O, for 24 h.
While Kraft lignin gave low amount of aromatic monomers (ie < 10
%y after reaction and careful extraction, GVL-extracted lignin gave
up-to 40 %,of aromatic monomers, mainly as syringaldehyde. Authors
attributed this to the fact that Organosolv process preserves the “na-
tive” structure of lignin whereas Kraft process tends to cross-link lignin
chains with each other. However, while this is true, from our expertise
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and literature reports, it is generally also observed that lignin extracted
from hardwoods and containing therefore syringyl units are more sensi-
tive towards oxidative depolymerization providing thus higher yields
of monomeric units. The basic nature of the catalyst and the size of the
Au nanoparticles played a fundamental role, concomitant with a high
degree of charge transfer from the support to Au nanoparticles. The au-
thors propose that molecular oxygen was activated at the Au-O-Li in-
terface while the basic sites of the LDH support allow reactant adsorp-
tion by deprotonation. Here a two-electron pathway seems to be in-
volved preferentially over a radical mechanism preventing aromatic
over oxidation. Recycling experiments performed on a lignin model in-
dicated the absence of metal leaching, however the accumulation of
acidic species at the surface prevented full reusability, which could be
nevertheless restored after water washing.

Among available noble metal based catalysts used in oxidative
lignin depolymerization, surprisingly few reports concern Pd-based cat-
alysts, compared to reductive routes. Recently, Pd/CeO, was described
for oxidative depolymerization of an Organosolv lignin in methanol
under oxygen at 185 °C for 24 h (Scheme 6) [45]. At reaction comple-
tion, vanillin (5.2 %,,), guaiacol (0.9 %,y and p-hydroxybenzaldehyde
(2.4 %,y were obtained. The yields are in the range of those given in
other reports. However, considering the nature of the products it seems
that Pd/CeO, catalyst also allowed for demethoxylation, which was
not, to our knowledge, reported before under such reaction conditions.
Regarding the bond-breaking reaction itself, the authors suggested that
1.5 %,,Pd/CeO; catalyst allows to oxidize a-OH in the interlink initiat-
ing thus p—04— bond cleavage by the catalyst to produce phenols
and benzaldehydes (see Scheme 6 in Other catalysts section). The
f—04— bond cleavage can also be realized by Pd-free CeO, however
only after an oxidation step of the a-OH. These results suggest that a
synergetic effect between the two components of the catalyst exists, al-
lowing improved yields into aromatics compared to other metal oxide
supports. Note that such a mechanism is in agreement with perfor-
mance of Pd-catalysts in oxidation of benzyl alcohols.

Sales and co-workers have extensively investigated Pd-based cata-
lysts for the oxidative depolymerization of lignin. In a first study, ox-
idative depolymerization of lignin issued from bagasse was affected by
2.85 %,,Pd/y-Al,03 showing a clear yield increase for vanillin (0.2 %,
to 2.5 %y, syringaldehyde (0.3 %, to 3.6 %,) and p-
hydroxybenzaldehyde (0.6 %, to 4.1 %,y. A kinetic model resulting
from these studies indicated that the catalyst did not play a role in

-H
FeCoO (1:1) o
in Hy0 A0 O
Wheat straw Organosolv lignin = + aarlgrr:?t.?cds
03-Nj, 150-200 °C
syringaldehyde

Scheme 5. Lignin oxidative depolymerization with Fe and Co mixed oxides.

cleavage of 0O-4

oxidation of  OH (

- PdiCe0,
in MeOH
Organasolv lignin

0, 185°C

vanillin

H _H
_H
0. 0
+ + O,
o ~0
p-hydroxybenzaldehyde  guaiacol

Scheme 6. Lignin oxidative depolymerization with supported Pd catalyst.
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lignin depolymerization but acts in subsequent transformations, lead-
ing mainly to degradation products derived from syringaldehyde
[46,47]. In other studies performed approximatively at the same time,
the authors proceed to bagasse lignin depolymerization in a three-
phase reactor using a continuous flow procedure. Under these condi-
tions, the best yield of aromatic aldehydes (vanillin and syringalde-
hyde) reached 12 %,, which was in agreement with values obtained
from pseudo-heterogeneous axial dispersion model [48]. From these
data, the authors proposed a process for producing aldehydes from
bagasse lignin. Comparing data obtained from a batch reactor to those
obtained from a continuous flow reactor shows a decrease in yields of
vanillin and syringaldehyde under flow conditions that was attributed
to higher resistance to the oxygen mass transfer for the continuous flow
reactor. However, the global production of aldehydes increased by ap-
proximatively 15-20 times in 2 h when keeping the same other condi-
tions [46]. This report demonstrates clearly the benefit of transferring
process developed initially in a batch reactor to continuous flow
trickle-bed reactor since aldehyde production from lignin depends both
on lignin conversion and their over oxidation under the reaction condi-
tions.

2.5. Non-conventional approaches

In this section, we aim at describing alternative approaches toward
oxidative lignin depolymerization. One of them was reported by Mud-
dassar et al. who compared lignin depolymerization within two types
of black liquor: a “native” black liquor (ie non-treated); and a black
liquor treated by acidification with CO, with the aim of increasing the
production of organic acids [49]. Black liquors of two lignins were con-
sidered in this work, a Kraft and a soda lignin (the latter being pro-
duced from wheat straw). Depolymerization reactions were conducted
under oxygen in the presence or not of an iron-based catalyst (in some
cases H,O, was added as co-oxidant). A temperature range from 170 to
230 °C was evaluated. Considering native black liquor, whatever the
lignin, the iron supported on activated carbon 2.23 %,Fe/AC catalyst
had no influence on the reactivity. Only the temperature showed mod-
erate influence on the rate of depolymerization. Thus at 210-230 °C,
lignin content decreased by 57-64 % and the weight-average molar
mass of lignin polymers dropped from 2.7 to 3.3 kDa to 1.5-1.8 kDa
after oxidative depolymerization. Engaging black liquor treated with
carbon dioxide changed only slightly the situation. Despite a decreased
content of lignin in the solution, depolymerization reactions did not
reach expected results as the production of organic acids stayed rather
limited. Overall the process is interesting for removing lignin from black
liquors but the main outcome concerns its precipitation upon acidifica-
tion with carbon dioxide (that is on the basis of several processes like
LignoBoost) [50]. Authors noticed that the oxygen demand when
treating acidified black liquor was lowered. This was attributed to re-
moval of hemicellulose and other polysaccharides by the CO, treat-
ment, but we believe that it is mostly related to removal of some lignin
fragment upon CO, addition that are more sensitive towards oxidative
depolymerization. This assumption is correlated by analyses performed
on remaining liquors that showed lower polydispersity, higher weight-
average molar masses and lower lignin content.

Other alternative approaches consist in treating first biomass (wood
or lignin) at high temperature (> 450 °C) to produce bio-oil that was
then further treated under catalytic or not conditions. Valle et al. re-
ported the pyrolysis of pine sawdust at 450 °C followed by treatment in
a two-stage reactor consisting of a thermal-treatment unit followed by
a catalytic treatment unit [51]. The catalyst was 1%,{Ni/HZSM-5.
Catalyst deactivation by coke formation occurred but was reduced by
co-feeding an optimal amount of methanol, thanks to the water
evolved from methanol dehydration on the acid sites of the catalyst,
which also increased the selectivity towards aromatics (mainly BT X).
Note that this study was performed under neutral He in the gas phase.
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Close to that approach Lofti et al. reported procedures to convert lignin
to carboxylic acids in gas phase. In a first study, an alkaline solution of
Kraft lignin was injected inside a fluidized bed catalytic reactor operat-
ing above 330 °C for 15 min under an O,-Ar atmosphere. Catalysts
were based on vanadium, a metal often used for oxidations of hydro-
carbons. Vanadium pyrophosphate catalysts (VO),P;07-(VO)2P4O15
gave preferentially maleic anhydride together with other carboxylic
acids while coke, carbon oxide and hydrogen were also produced. Over
VMoO/Al,O3 catalysts, lactic acid together with formic, acrylic and
maleic acid were obtained [52]. In both cases coke formation was
shown to deactivate the catalysts, but efficiency could be partially re-
covered by an in situ calcination step. Later the same authors revisited
the process with the aim of minimizing coke and char formation keep-
ing the activity of the catalysts. They associated in the same reactor a
two-stage gas phase catalytic process: treatment of a bed of solid lignin
followed by oxidative catalytic treatment of evolved compounds [53].
Several reactor configurations were evaluated, including thermal ox-
idative steam cracking (T < 550 °C) prior to oxidation which produced
lower coke and char on the catalyst surface, favoring aromatics forma-
tion. Over VMoO/Al,03 or VMoO/HZSM-5, 23-25 % bio-oil was ob-
tained consisting mainly in maleic acid (20 % of selectivity). Replacing
both supports by TiO, increased maleic acid selectivity to 45 %. Over
VWO/HZSM-5, selectivity turned to the formation of butyric acid.

2.6. Other catalysts

Another kind of catalytic system, based on metal salts has been re-
ported, which can be regarded differently than homogeneous metal
complexes and related systems. Very few studies deal with the use of
real lignin, staying generally in case studies of lignin models. Moreover
when lignin was considered, often H;O, was used as oxidant, and,
therefore these reports do not fall within the scope of this article. Nev-
ertheless some examples with O, as oxidant in the presence of metal
salts of mainly copper and cobalt have been reported for oxidative
lignin depolymerization. Villar et al. used CuSO4 and CoCl; salts given
as not soluble in the basic liquid reaction phase containing eucalyptus
Kraft lignin. They noticed that they did not significantly improve lignin
conversion (compared to the non-catalyzed reaction) into aromatic
compounds and syringaldehyde was the main product at temperatures
of 170-190 °C. This was due to over-oxidation delivering low molecu-
lar weight molecules (mainly organic acids) [39]. To improve the solu-
bility of the catalysts, a Co(Salen) complex and a CuSO 4-ethylene gly-
col system were used but none of them gave better results, indicating
that the catalyst phase did not play an important role in oxidative de-
polymerization with such metals. However, no data were provided to
show that the Co(Salen) complex was effectively fully soluble under
the reaction conditions. Recently, Zhou et al. reported the use of Co
(Salen) complex grafted on graphene oxide (GO) for oxidative depoly-
merization of lignin [54]. An eucalyptus Organosolv lignin solubilized
in MeCN-THF 10:1 mixture was treated at 80 °C under air. Co(Salen)/
GO showed the highest activity compared to homogeneous complex or
other supports like MCM-48, NaY or SSZ-13. Vanillin was mainly pro-
duced which is rather surprising, since eucalyptus wood contains
mostly syringyl units. The support seemed to play an important role
here; however no data was given on the intrinsic potential activity of
the support itself. Recyclability experiments were performed after cata-
lyst filtration and all systems showed a decrease in vanillin formation
over 10 cycles. Nevertheless, the Co(Salen)/GO system appeared to be
slightly the most stable, probably due to better anchoring of the metal
sites.

Zhao et al. reported a procedure consisting of pre-oxidizing lignin
before metal catalyzed bond cleavage [55]. In a first step, an Organo-
solv lignin was pre-oxidized using a mixture of DD Q/tBuONO/O; that
selectively oxidized to ketone the benzylic OH group on the $-O-4 moi-
ety. The catalysts allowed then the cleavage of oxidized -O-4 bonds at



D. Bourbiaux et al.

180 °C in methanol under O,. The authors used triazine frameworks as
heterogeneous catalytic systems (Scheme 7). Triazine frameworks were
prepared by polymerization of various dicyanobenzenes in the presence
of catalytic ZnCl, supposed to be removed during the synthesis. The
catalyst was therefore presented as metal free although no proof of the
absence of residual Zn was given to establish the full organocatalysis
nature of the system. Reusability of the catalyst was demonstrated on a
lignin model showing over 7 runs slight conversion decrease and similar
selectivity. The deactivation would be due to product adsorption or
partial catalyst oxidation. This methodology was based on that de-
scribed previously by Lancefield et al. who used a Zn/NHyCI catalytic
system leading to Co-syringyl-based units in 5 % yield [56]. Zhao et al.
reported only proof of oxidation of original lignin that can be due to
the use of DDQ/tBuONO/O, mixture. The main interest from this pro-
cedure is the capacity to depolymerize lignin to its constituting “origi-
nal” monomeric Co-units.

3. Catalytic reductive depolymerization of lignin

The catalytic reductive depolymerization of lignin is an important
and challenging topic, inspired by well-known early works [57-61]. As
for the catalytic oxidative depolymerization section, only the catalytic
depolymerization of technical lignins with heterogeneous catalysts will
be reported. Even if they can afford very precious and fundamental in-
sights into the mechanism, the studies dealing with catalytic conversion
of model compounds will not be described here. One point to be also
clarified is the amount of catalyst employed in respect to the biomass
feed. Effectively, sometimes, high ratio of monomers was obtained
from lignin with relative huge amount of catalyst. Here, only the works
with reasonable catalyst/biomass ratio have been considered in order
to stay in a realistic catalytic domain.

Due to the deep transformations occurring in native lignin structure
during the fragmentation processes the depolymerization of technical
lignins meets the issue of the presence of carbon-carbon bonds between
units which makes the cleavage to monomers more difficult. Under re-
ductive conditions, the thermocatalytic cleavage of ether bonds, like
f—04— linkage, is quite easy under the operating conditions used
(250-400 °C, 30—200 bar) and leads to phenolic units that can be fur-
ther deoxygenated in the presence of an adequate catalyst to benzene
derivatives. The reactions observed during the lignin depolymerization
under reductive conditions are summarized in Table 2. The type of sol-
vent used during the process may have a strong impact on the reactiv-
ity and is a real issue. Most of the time, protic or hydrogen-donor sol-
vents are used, but, under operating conditions, the solvent is usually
not inert and can react directly with lignin fragments. This fact severely
complicates product separations and further analysis.
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3.1. Solvent free hydroconversion

Several groups have proposed to perform the catalytic liquefaction
towards aromatics and phenolics in the absence of solvent in order to
simplify work-up and characterization procedures after reaction. For
the cases of employing solvent free conditions, molten lignin (melting
point of lignin is reported to be 200—-300 °C depending on the type of
lignin) can act as the initial solvent, later diluted with low mass molec-
ular lignin products formed by cleavage. Following earlier studies, re-
cent advances are presented in Table 3 [62-66].

The main disadvantage of this process is the very high pressure of H,
needed. According to pioneering study [60], the yield of liquid phase in-
creased from 18 %,to 63 %, by increasing initial pressure from 20 to
120 bar. Similar results were observed by Horédcek et al. [67] using a
NiMo sulfide catalyst. Hence, high H; pressure seems to be necessary to
obtain a high yield of liquid in the absence of solvent. This can be ex-
plained by the fact that under high H, pressure, hydrogen can diffuse
better into the mixture and available hydrogen atoms can quickly sta-
bilize unstable free radicals and avoid recondensation reactions.
Thereby the liquid yield increases and the solid yield decreases with in-
creasing pressure. In addition, the better H, diffusion to the catalyst
may favor hydrogenolysis steps.

The catalysts employed under these conditions were mostly sup-
ported noble metals [62,64], metal sulfide [63,65] and metal phos-
phide [66]. The liquid yield can reach 80 %, especially with noble
metal catalysts (Pd/C, Ru/TiO,, Ru/C) and aromatic monomer yield
vary from 10 to 30 %,.of the starting lignin depending on the catalyst.
The nature of the initial lignin may of course impact drastically the
monomer yield and also the solid residues. For instance, a pyrolytic
lignin has a much lower molecular weight compared to Kraft lignin. It
was demonstrated that using the same catalyst the yield of aromatic
monomers was higher from pyrolytic lignin compared to Alcell and the
highest yield into monomers with pyrolytic lignin from forestry residue
(including alkanes, ketones) was 51 %, [64]. From Kraft lignin, the
best yield obtained into monomers is 45.7 %, (including alkanes in ad-
dition to phenolics and BTX) with activated carbon supported NiMo
phosphide catalysts [66]. Those catalysts have a higher activity com-
pared to metal sulfide catalysts with no need of additional sulphur in
the feed to preserve sulfidation state for sulfide catalysts. Since Kraft
lignin contains sulphur, noble metals would be poisoned and were not
tested. The amount of solid residues reaching 35 %, from Kraft lignin
with the most acidic supports can be lowered by the use of a basic sup-
port [63]. The yield of solid residue was negligible in case of noble met-
als catalysts with pyrolytic or Alcell lignin.

To conclude, solvent free conditions facilitate the product work-up
and mass balance closure and allow the formation of large amount of
organic liquid containing aromatic monomers. However, an obvious
drawback is that the yield of non-convertible char formation seems to
be more severe than under solvent-assisted conditions with similar cat-
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Scheme 7. Lignin oxidative depolymerization with triazine frameworks.
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Table 2
Reactions occurring for lignin depolymerization under reductive conditions.
Reaction Scheme
hydrogenation Hy
Ri = R
SNEN T I
hydrogenolysis Rie Hy R—OH + CH.-R
O"R, — 0™ 372
decarboxylation Ry oH He
Y — R—H+CO,
O
demethoxylation H,
Ring-CHs —— R{—H + CH3-OH
demethylation H
Y Rivg-CHs —» R—OH + CH,
hydrodeoxy genation H

2
R—OH — R{—H + H,0

alysts and lignin (see also Fig. 2) [68]. In order to avoid this disadvan-
tage for achieving a high yield of liquid products, reaction pressure
must be sufficiently high (> 200 bar at operating temperature). More-
over, high reaction temperature is required to favor the depolymeriza-
tion of lignin. Variation of original lignin and extraction methods make
it difficult to draw general conclusions regarding the best type of cata-
lyst and operating conditions. Overall, under solvent free conditions the
operating conditions are really harsh. Concerning the aromatic
monomeric product yield, alkylphenolic and BTX yields can reach re-
spectively 25 %y¢and 15 Yy
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3.2. Hydroconversion in inert solvents

Inert solvents with poor hydrogen donating ability, and no interac-
tion with lignin derivatives have also been used. Some significant ex-
amples have been reported using dodecane, naphthalene and 1-
methylnaphthalene [59,68,69]. Dodecane and 1-methylnaphthalene
were chosen as external solvents due to their supposed stability at high
temperature and high pressure. However, the lignin hydroconversion in
these solvents leads to low liquid formation and low monomer yields.
For instance, using dodecane instead of tetralin for the depolymeriza-
tion of a wheat straw soda lignin with NiMoS catalyst decreased the
yield of liquid from 60 %, to 30 %, (Fig. 2). Moreover, it was observed
that 1-methylnaphthalene was quite reactive to lignin fragments since
6 %y of naphthalene and 8 %, of dimethylnaphthalene were found in
the products. On the contrary, dodecane was found an efficient solvent
for the catalytic depolymerization of a cellulolytic lignin over silica-
alumina supported Ni catalyst affording cycloalkanes under H, pres-
sure [70]. Overall, the addition of inert solvents like dodecane, and 1-
methylnaphthalene may favor catalytic performance by improving
gas-liquid-solid contacts compared to solvent-free conditions. Conse-
quently, the catalyst/lignin mass ratio employed was mostly lower
than under solvent-free conditions. Nevertheless, the performance ob-
tained using those solvents was poor and in all cases using inert sol-
vents, the yields of phenolics and aromatic products were relatively
low, showing no distinct improvement compared to solvent-free condi-

Table 3
Solvent free hydroconversion of lignin in batch reactor.
Lignin Catalyst Catalyst/Lignin (%w) T (°C) T (min) P (bar) Max. aromatic monomers yield (%) Liquid yield (%, Ref
AL Ru/C 5 400 240 100* PHE (9.0) 63.9 [62]
BTX (3.2)
Ru/TiO, PHE (9.1) 78.3
BTX (2.5)
Pd/C PHE (8.1) 67.5
BTX (4.3)
Pd/Al,03 PHE (7.3) 75.1
BTX (2.0)
Cu/ZrO, 125* PHE (4.7) 71.8
BTX (1.3)
KL NiMoS/AC or MgO-La,O3 + DMDS 5 350 240 100* PHE (16) 50-57.8 [63]
BTX (5.9)
NiMoS/Al,03 or ZSM-5 + DMDS PHE (10.5) 40.8-43.2
BTX (3)
CoMoS/AC or MgO-La,03 + DMDS PHE (12.5) 49.5-52.6
BTX (5.3)
CoMoS/Al,03 or ZSM-5 + DMDS PHE (12) 29.8-48
BTX (5.3)
PL Ru/C 5 400 240 100* PHE (20.5) 75.4-75.8 [64]
BTX (14.1)
KL Limonite (Fe;03 + FeOOH) + DMDS 5 350 240 100* PHE (11.7) 49 [65]
BTX (1.8)
400 PHE (12.1) 36
BTX (1.8)
450 PHE (16.7) 33
BTX (4.1)
KL Ni2P/AC 5 400 240 100* PHE (9) 39.2 [66]
BTX (3.1)
MoP/AC PHE (22.4) 61.2
BTX (8)
NiMoP/AC PHE (22.5) 64.3
BTX (7.6)
NiWP/AC PHE (17.9) 59.3
BTX (5.3)
NiMoP/AC 10 400 120 100 PHE (25) 70.6
BTX (8.7)

AL: Alcell Lignin; OL: Organocell Lignin; KL: Kraft Lignin; PL: Pyrolytic Lignin; AS: Aluminosilica; AC: activated carbon; DMDS: dimethyldisulfide; PHE: Phe-

nols; BTX: Benzene, Toluene, Xylene.
“ Initial pressure at room temp erature.
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Fig. 2. Lignin catalytic hydroconversion with NiMoS/Al,Oj in tetralin, dodecane or without solvent (350 °C, 80 bar) (adapted from [86]).

tions, and complicating product recovery. Thus an inert solvent pro-
vides little advantage for lignin hydroconversion.

3.3. Hydroconversion in hydrogen-donor solvents

An attractive alternative inspired by early coal liquefaction studies
is the use of hydrogen donating solvents [71]. These solvents produce H
radicals under the reaction conditions and in the presence of a catalyst.
The use of hydrogen-donor solvents allows lignin depolymerization to
proceed without additional H, and at milder conditions. In this case the
process is similar to a liquid reforming or transfer hydrogenation
process. Nevertheless the addition of gaseous H, may improve the hy-
drodeoxygenation (hydrogenolysis) reactions that could provide de-
oxygenated aromatics. In this case the process is named hydroconver-
sion or hydroprocessing. In the following sections will be reported the
main recent work with hydrogen-donor solvents, which have been ar-
bitrary classified in two categories (protic and aprotic).

3.3.1. Protic hydrogen-donor solvents

Typical examples of protic hydrogen-donor solvents used in lignin
depolymerization include water, alcohols and formic acid [72-77]. In
general, these protic solvents are used at a temperature and pressure al-
lowing a subcritical or supercritical state where the fluid has a strong
solvating power which can have a positive impact on the lignin depoly-
merization (Table 4). Under hydrothermal conditions, the degradation

Table 4
Hydroconversion of lignin in the presence of protic hydrogen-donor solvents.

of lignin under H, leads to catechols with high yields and Striiven et al.
showed that the use of Raney Ni catalysts under H, pressure was effi-
cient to obtain phenols [72]. When Barta et al. depolymerized a lignin
extracted by methanol from nutshells of candlenut, using Cu porous
metal oxide in methanol, they showed that the lignin could be selec-
tively cleaved into Cg-catechols with a yield of 54.8 %, [78]. It was
further demonstrated that the Cu catalyses decomposition of methanol
to produce CO and H,. In thisway, methanol serves as the in situ hydro-
gen source for the hydrogenolysis-hydrogenation reactions. However in
this work, a high catalyst-to-lignin ratio was needed and the lignin was
obtained through a lignin-first extraction process. Oregui-Bengoechea
et al. studied the effect of various hydrogen-donor alcohols solvents in
mixture or not with formic acid to assess the role of each [76]. They
suggested that formic acid not only acted as hydrogen-donor (by
degradation to CO, and H,) but also reacted with lignin fragments
through formylation reactions and helped the depolymerization. The
presence of alcohols allowed for stabilization of the formed monomers
and ethanol was the most efficient. Other studies [79,80] compared
ethanol and longer alcohols. Ethanol was shown to be a better solvent
than water or other alcohols because it can act as a capping agent, and
stabilize the phenolic intermediates by O-alkylation of hydroxyl groups
and by C-alkylation of the aromatic rings resulting in a high yield of
liquid. However, isopropanol was found to have good properties for
hydrogen transfer suppressing better the formation of solid residue.
This solvent was successfully used in catalytic cracking of Kraft Lignin

Lignin Solvent Catalyst Catalyst/Lignin (%) T (°C) t(h) P (Hy(bar) Main products (%) Liquefaction (%) Ref
OL water Raney Ni 12 360 3 70% phenols + catechol (10.1) n.d. [72]
OL ethanol-water Ru/C, Pd/C, Pt/C 20 200-275 1.5-3 10-60* 4-ethylphenol n.d. [73]
4-ethyl-guaiacol
AL ethanol ZnCl, 50 300 2 70% phenols (15.79) 75.8 [74]
guaiacolics (15.09)
SL ethanol CuMgAlOx 50 300 1-20 10* (Nyor Hy) phenols (12) n.d [75]
BTX (8)
EL formic acid- alcohols NiMo/sulfated Al,03 10 320 6 17.5% n.d. 26.6 [76]
OL ethanol- water Ru/C 20 300 2 10 alkylphenols (30) n.d. [77]
Ru/NC
Ru/CM
Ru/NCM

OL: Organosolv Lignin; ML: Methanol-extracted Lignin; PL: Pyrolytic Lignin; AL: Alkali Lignin; SL: Soda Lignin; EL: Eucalyptus Lignin; PMO: Porous Metal Ox-

ide; NC, CM, NCM: N-doped carbon.
* Initial pressure at room temp erature.
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on various zeolite-supported NiCu, and in this case alkanes and cy-
cloalkanes were mainly obtained [81]. The advantage of these solvents
is that hydrogen transfer is very efficient in the presence of a well-
chosen catalyst and there is no need of H, pressure to depolymerize
lignins and to get monomers. However, in most of the cases with these
solvents, the hydrogenolysis led mainly to phenolic and guaiacylic
monomers and deoxygenated aromatics (BTX) were scarcely formed.
For instance the use of isopropanol in the presence of PtRe/TiO5 with
various home-extracted lignins under mild conditions led to obtain
methoxyphenolics in quite high yield (18.7 %,,. However, depending
on the type of lignin, the performance can be less interesting [82]. For
instance application to a conventional black liquor lignin showed much
lower yields of phenolics because of the lack of p—04— inter-unit
bonds. Similarly, Ru/N-Doped carbon catalysts were developed for the
conversion of an Organosolv lignin to phenolic monomers, mostly
alkylguaiacyl and alkylsyringyls [77].

To conclude, the protic hydrogen-donor solvents are used to stabi-
lize the highly reactive lignin fragments. However, their participation
in the reaction is unavoidable. Furthermore, the effect of protic solvents
can also be attributed to an improved solubility of lignin and reaction
products.

3.3.2. Non-protic hydrogen-donor solvents

Tetralin is the most employed non-oxygenated solvent as a hydro-
gen-donor solvent in lignin liquefaction [71] (Table 5). The reason is
that it can be dehydrogenated to naphthalene under hydroconversion
conditions (> 250 °C) and the free H radicals formed are directly in-
jected in the liquid phase to neutralize alkyl or alkoxy radicals and im-
prove the Hy mass transfer into the liquid phase (Scheme 8).

To ensure a reversible process, a catalyst is required for the reverse
hydrogenation of naphthalene to tetralin. Early studies focused on the
use of tetralin as a sole hydrogen-donor to replace pressurized H, for
lignin hydrotreatment, so-called solvolysis [83,84]. However, in this
case the yield of liquid formed was very low, due to relatively low tem-
perature and the absence of catalyst to help the cleavage of bonds be-
tween phenolic units. As said above, the importance of hydrogen donor
effect can be illustrated by comparing results with tetralin and naph-
thalene and, the liquid yield with tetralin was almost four times higher
than that with naphthalene, with much less char. It appears therefore
that in the absence of a hydrogen-donor solvent, the intermediate free
radicals recombine quickly to produce char. Consequently, using a hy-
drogen-donating solvent as the sole hydrogen source, the hydrogen
content is evidently not sufficient to react with all rapidly formed free
radicals. To obtain more valuable liquid products, either supplying ad-
ditional hydrogen or slowing down lignin depolymerization should be
taken into consideration. Following those investigations, Klopries et al.
performed the conversion of rye straw lignin with sulfided red mud and
sulfided CoMo with tetralin under H, pressure [85]. The distribution of
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products using two different catalysts showed that 95 %, of lignin was
converted into gas and liquid products. CoMoS catalyst led to higher
yields into gasoline-like products (deoxygenated hydrocarbons) while
red mud led preferentially to phenolics and heavy oil. However, it is im-
possible to get further catalytic effects since detailed liquid distribution
was not mentioned in this work. Thring et al. also underlined the need
for added hydrogen to achieve higher liquid yield and lower char for-
mation [86]. It was also pointed out that the high yield of either solid
char or residual lignin was governed by reaction temperature. At high
severity, significant cracking of lignin occurred and the high yield of
solid char was due to insufficient amount of hydrogen in the batch re-
actor. Comparing two hydrogen-donor solvents (isopropanol and
tetralin) with a non-hydrogen-donor solvent (naphthalene) for the
non-catalytic lignin solvolysis, Kim et al. observed that demethoxyla-
tion reaction did not occur in the absence of hydrogen-donor solvent
[87]. Secondly, they performed a series of experiments in tetralin with
varying reaction time between 0.25 and 1.7 h. NMR analysis of resid-
ual lignin suggested the following sequence of reactivity for functional
groups in hydrocracking: aliphatic OH > aromatic OCH3 > aromatic
OH. Besides, from the analysis of the liquid fraction, the relatively large
quantities of C;-side-chains as well as phenolic products with no side-
chains suggests strongly that homolytic cleavage between a and f car-
bon atoms as well as between the ring and the « carbons are frequent in
hydrocracking.

Following these studies, the hydroconversion of lignin was under-
taken on classical NiMo sulfide catalysts in tetralin in a batch reactor
[68]. The reactor was equipped with a H, reserve to keep the total pres-
sure unchanged and H, consumption was followed. The identification
of the gas, liquid and solid fractions was investigated using a complete
products-recovery protocol and comprehensive techniques as p-GC,
GCxGC-MS, GC-FID, GPC and NMR (HSQC). Characterization of the
used soda lignin by NMR and GPC included the various lignin residues
obtained after conversion to identify the changes occurring on the
lignin backbone. In addition, the vaporisable fraction of liquids was
analyzed by GCXGC and identification and quantification were com-
pletely achieved by successive use of mass and FI detectors (Fig. 3)
[88]. From all of this, it appeared that after the depolymerization, the
hydrodeoxygenation reactions occurred simultaneously on lignin
residues, oligomers and monomers. The limitation of this work was the
use of a batch system. Effectively, even if the reactor was opened to a
H, reserve to keep the total pressure constant, the formation of gaseous
products increased with the residence time, leading to a decrease of Hy
partial pressure in the reactor. In addition, it was suggested that water
formed during the hydrodeoxygenation of aliphatic alcohols and
methoxyphenols could be detrimental to the catalyst action in that sys-
tem. The batch system was thus upgraded to a dynamic semi-batch set-
up opened on the gas-phase and equipped with a reflux system and a p-
GC to analyse gas online [89]. This system allowed the recovery of

Table 5
Catalytic hydroconversion in the presence of tetralin as apolar hydrogen-donor solvents.
Lignin Process Catalyst Catalyst/Lignin (%) T (°C) t (h) P Hy (bar) Main products (o) Liquefaction (Yo) Ref
RL B Red mud(S) 5 400 4 150* phenols (18.0-21.3) 75-78 [85]
CoMo(S)
SL B NiMoS/Al,03 10 350 1-28 80 phenols +aromatics (> 15) 78 [68,88]
SL SB CoMoS/Al,03 10 350 1-15 80 phenols + aromatics (17) 75 [89]
organic liquid: 63
LS, KL B” FeS/C 10 435-500 1 100%-300 alkylphenols, alkylbenzenes 35-60 [91]
FeS/Lignin
KL SB** (Fe,04 +S,) FeSx 6 380-485 1 400 alkylphenols 70 [92]

organic liquid: 50.6

KL: Kraft Lignin; RL: Rye straw Lignin; AL: Alcell Lignin; SL: Soda Lignin: LS: Lignosulphonate.

B: batch system; SB: semi-batch system.
* Initial pressure at room temp erature.
“* Anthracene oil as solvent.
# Batch unstirred.
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CO = OO
R'+ W —— RH

Scheme 8. Tetralin as a hydrogen-donor solvent to disable radical reactions.

light products and water in a cold trap and limited over-conversion of
deoxygenated aromatics. The high efficiency of this system was con-
firmed by comparison with the previous one: the same conversion was
reached in 5 h instead of 14 h of residence time, with the same extent of
depolymerization and deoxygenation in the liquid. The catalytic con-
version of a wheat straw soda lignin over CoMoS/Al,O3 catalyst was
performed followed by separation of the fractions and extensive char-
acterizations of each. The evolution of depolymerization and hy-
drodeoxy genation products was clearly described with a total of 17 %,
of monomers after 13 h of residence time. The experimental data ob-
tained were used to build a kinetic model based on the Lump approach
[90]. In comparison with other in situ hydrogen sources like alcohols
and formic acid, tetralin reacted much less with lignin derivatives, lim-
iting the difficulty of mass balance determination. However, in the pre-
vious studies, despite the advantages of using this hydrogen-donor sol-
vent, many tetralin derivatives formed by methyl transfer from lignin
were observed in low quantity, showing that tetralin was not only a
kind hydrogen-donating spectator solvent. In another work done with
small unstirred batch reactors, temperatures higher than those used for
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coal liquefaction (> 400 °C) were employed for various lignin hy-
drogenolysis experiments over FeS/C catalyst, giving quite high liquid
yields but also high quantities of gas [91]. A recent study was per-
formed by Schneider et al. using anthracene oil as in coal hydrolique-
faction industry [92]. Under high temperature and H, pressure, with a
low cost catalyst, FeSx, formed in situ and a continuous system to re-
move volatile products, the conversion of Kraft lignin (from grass or
softwood) led to gases and deoxygenized oil, which was easily frac-
tionated by solvent extraction.

3.4. Catalysts

As we have seen above, various types of heterogeneous catalysts
have been reported in the literature, to reach high levels of liquefaction
and monomer yields. These include monometallic, bimetallic and bi-
functional catalysts. The efficient monometallic catalysts are generally
expensive noble metal-based ones Ru, Rh, Pd and Pt, supported on vari-
ous carriers (C, TiO,, Al,O3, SiO,, ZrO,) or less expensive Fe, Ni or Cu-
based solids. Besides the cost, many studies illustrated that noble metal
catalysts demonstrate high hydrogenation activity, converting pheno-
lic compounds into naphthenes and cyclohexanols, which is undesirable
to preserve aromaticity and consume less hydrogen. On the contrary,
the Fe and Cu-based catalysts may have insufficient catalytic activity.
However these catalysts have the advantage to be efficient under mild
reaction conditions and can work without added H; gas. In the case of
bimetallic catalysts, a combination of metals corresponding to the ones
used as conventional hydrotreating catalysts such as Co, Ni, Mo and W
were widely studied, either as oxides or sulfides. By comparing the liq-
uid yield, the sulfide catalysts exhibit better performance than the ox-
ide ones. These well-known hydrotreating sulfide catalysts were origi-
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Fig. 3. GCxGC chromatogram of BTX, naphthenes and phenolic monomers with identification [86].
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nally developed for the removal of sulfur (HDS) and nitrogen (HDN)
for oil purification and upgrading processes. Therefore, they have been
also tested for the removal of oxygen (HDO) from biomass-derived
components, in co-processing with fossil oils. It was shown that with
these catalysts, using model phenolic molecules such as guaiacol, HDO
can be accomplished via two pathways: a direct deoxygenation of phe-
nols to non-oxygenated aromatics or aromatic-ring saturation fol-
lowed by a deoxygenation step [93,94]. The latter route is more fa-
vored at high pressures. More recently, a lot of works studied the lignin
conversion using metal sulfide catalysts. It appears that when using sul-
fide catalysts, the yield of liquid was significantly higher than with
other catalysts and the aromatic-ring saturation to cycloalkanes was
limited.

Inspired by hydrocracking processes, bifunctional catalysts having
both hydrogenation (Ni, Ru...) and cracking functions (SBA-15, Al-
SBA-15, HZSM-5...) were recently and successfully investigated [95].
The final products were usually alkanes and naphthenes, illustrating a
highly active cracking activity. It is also claimed that the dehydration
step was highly dependent on the acidity of the support.

4. Conclusion

From this concise literature overview on isolated lignin oxidative
and reductive depolymerization, one can derive some conclusive com-
ments.

Independently of the nature of the catalysts or that of the reaction
media, it is clear that lignin conversion depends strongly on the nature
of lignin and extraction methods. Thus, Organosolv extraction, known
to keep more or less the original structure of the native lignin, delivers
generally lignin more suitable for conducting depolymerization to
monomeric aromatics and derived compounds. On the contrary, Kraft
extraction, intensively performed in pulp industry, gives cross-linked
lignin that is more refractory to depolymerization. Besides, the botani-
cal origin plays also a main role on the structure and distribution of
methoxyphenolic units.

Here, lignin extracted from hardwood presents syringyl moieties
that are generally found to be more reactive toward oxidative depoly-
merization, delivering therefore higher yields of aromatics (mainly sy-
ringaldehyde), than those extracted from softwood and composed pri-
marily of guaiacyl units. Nevertheless, for most studies, yields of aro-
matics remain relatively low, generally 10-20%,in the best situations,
even for total lignin conversion. This fact is intimately related to de-
polymerization methodology. Generally, over-oxidation of primary
aromatic products is observed delivering linear (di)carboxylic acids, de-
rived from aromatic ring opening together with oligomeric compounds.
Within this approach, despite being in its infancy, the use of continuous
flow processes can bring a credible answer to prevent over-oxidation of
aromatic aldehydes. In some cases, the use of an alcoholic solvent (pure
or as aqueous mixtures) helps to prevent such over-oxidation; however,
while not systematically commented on, alcohols also contribute to the
mass balance as aromatics observed result generally from their conden-
sation with primary compounds forming alkylated products.

Interestingly, similar observation are made for the reductive de-
polymerization. Alcoholic solvents help to perform depolymerization
under relative mild operating conditions, limiting recombinations even
without gaseous H, addition, but still reacting with the newly formed
monomers. In this case, the yields of phenolic monomers can reach high
values (30 %, albeit in the presence of noble metal-based catalysts.
Heavier hydrocarbon hydrogen-donor solvents were utilized, like
tetralin, but these solvents require much more severe conditions espe-
cially under high H, pressure. This leads to hydrodeoxygenation reac-
tions and a portion of phenolic monomers is converted to BTX aromat-
ics. However, in this case low cost catalysts can be employed. For sol-
vent-free transformations, an even higher H, pressure is needed, leading
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to good yields of liquid products despite significant formation of
gaseous products.

Finally, by comparing depolymerization under oxidative and reduc-
tive conditions, one can say that obviously higher amount of monomers
can be obtained under reductive atmosphere, even using low cost cata-
lysts. On one hand, this confers a strong interest to this route. On the
other hand, the target applications being very different, the market
price of the obtained platform chemicals could be much lower than
those obtained from oxidative depolymerization. In conclusion, despite
issues and apparent limitations, the heterogeneously catalyzed oxida-
tive and reductive lignin depolymerization remains an important area
of research opening various opportunities of lignin valorization for the
production of aromatic compounds from a non-edible biomass.
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