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Lignin, one of the ma in biopolyme rs in lignocellulosic bioma ss, is a promising feedstock for produ cing aroma tic ch em icals and BTX-fuels. Despite high availability, lignin rema ins un der-valorized to ch em ical forma tion motivating research towards up grading through depolyme rization. Catalytic approach es are particularly stud ied sinc e they can influence the selectivity of depolyme rization. Next to therma l or acid/base depolyme rization, catalytic routes un der either oxidative or redu ctive atmosph ere represent a very attractive way to produ ce aroma tics for fine ch em istry and energy. This literature overview shows that the depolyme rization outcome depend s strongly on the reaction conditions. While un der oxidative atmosph ere highly func tionalized high-added value ch em icals like vanillin are obtained, alkylphenolics and BTX are ma inly observed wh en condu cting the reaction un der redu ctive atmosph ere. Ad ditionally, results depend ma inly on the nature of the catalyst for the forme r approach , wh ereas reaction conditions play an essential role wh en operating un der hydrogen. Understanding and comparing these quite complex me thodologies over the last ten years constitutes the focu s of this review.

Introduction

Lignocellulosic biomass is a well-known promising feedstock to ensure the production of renewable chemicals and fuels for the future replacing at least partially the fossil resources. Lignin is one of the major components of this lignocellulosic biomass. Despite the fa ct 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 platform chemicals. Indeed, lignin is the only abundant polymer constituted of aromatic moieties and represents therefore a natural resource for a biosourced production of aromatic molecules. It is well known that lignin obtained af ter lignocellulose fragmentation is drastically modified compared to the "native" lignin initially present within the biomass [START_REF] Gomes | A revi ew on li gnin so urces an d uses[END_REF]. These modifications, especially through condensation reactions (i.e. formation of C C bonds), produce a "technical" lignin more robust towa rds 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 polymeric network. Nevertheless, some tendencies exist depending on the lignin origin. Guaïacyl units are mainly found in softwood with p-hydroxyphenyl in lower proportion while hardwood contains also syringyl units. For both types of wood, the dominant inter-aromatic linkage is the so-called β-O-4.

Considering lignin valorization, catalysis is taking a predominant place since it can promote lignin depolymerization through different routes leading to different product fa milies and, in the general context of biomass valorization, is currently the subject of intensive studies [START_REF] Zakzeski | The cataly tic va lo ri zation of li gnin for the pr oduction of renewa ble chemical s[END_REF]. Depolymerization of lignin can be performed via various processes, enzymatic, thermal and catalytic and the operating conditions greatly impact the composition and yield of products. For instance, depolymerization 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 highvalue functionalized chemicals while reductive depolymerization leads generally to higher quantity of monomers, including deoxygenated products like BT X (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 consequently on selectivity of monomeric products. Since the first comprehensive literature review from Weckhuysen and coworkers [START_REF] Zakzeski | The cataly tic va lo ri zation of li gnin for the pr oduction of renewa ble chemical s[END_REF], numerous review papers have appeared covering general aspects of the cat- alytic transformation of lignin highlighting the research efforts that are currently performed in this field [START_REF] Ha | Recent pr og ress in the therma l an d cataly tic conversi on of li gnin[END_REF][START_REF] Chio | Li gnin util ization: a revi ew of li gnin depoly meri zation fr om va ri ous as pects[END_REF][START_REF] Wang | Fr om li gnin to va luab le pr oducts -Stra tegi es, chal lenges, an d pr os pects, Bior esour[END_REF][START_REF] Xu | Li gnin depoly meri zation an d util ization by ba cteria , Bior esour[END_REF][START_REF] Agar Wa L | Adva ncement in technolo gi es for the depoly meri zation of li gnin[END_REF][START_REF] Sun | Brig ht si de of li gnin depoly meri zation: towa rd new platform chemical s[END_REF][START_REF] Beckham | Va rd on, Op portunities an d chal lenges in biol og ical li gnin va lo ri zation[END_REF][START_REF] Key | Prog ress towa rd li gnin va lo ri zation vi a selectiv e cataly tic technolo gi es an d the tail or ing of bios ynthetic pa thwa ys[END_REF][START_REF] Dutta | Emergi ng stra tegi es for br eaki ng the 3D am or phous networ k of li gnin[END_REF]. All general information concerning lignin origins, isolation, structures, current uses, and possible valorization methods are also available through this literature. For example a recent review article from Rinaldi and coworkers presents many aspects of lignin valorization from the beginning-to-end, reporting the recent advances made on the biosynthesis aspects to the valorization including the recent "lignin-first" approach [START_REF] Ri Na Ldi | Weckhuys en, Pavi ng the wa y for li gnin va lo ri sa tion: recent ad va nces in bioengineeri ng, bior efining an d cataly si s[END_REF]. Effectively, in order to circumvent the lignin modification af ter usual fragmentation processes, many authors propose new fractionation technologies to preserve the native lignin structure and fa cilitate the catalytic conversion to functionalized monomers [START_REF] Va N Den Bosch | Ca taly tic stra tegi es towa rd s li gnin-deri ved chemical s[END_REF][START_REF] Schutyser | Chemical s fr om li gnin: an interp la y of li gnocellulo se fr actionation, depoly meri sa tion, an d upgr ad ing[END_REF]. Even if those technologies are very promising and efficient, the valorization of a great part of coproduced 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 oxidative 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 depolymerization, then the reductive depolymerization. The transformations will be described depending on the specific tendencies for each. For example, 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.

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 [START_REF] Li U | Ca taly tic ox idation of li gnin to va luab le biom as s-ba sed platform chemical s: a revi ew[END_REF][START_REF] Ma | Recent ad va nces in ox idativ e va lo ri zation of li gnin[END_REF][START_REF] Schutyser | Revi si ting al ka li ne aero bic li gnin ox idation[END_REF][START_REF] Va Ngeel | Pers pectiv e on li gnin ox idation: ad va nces, chal lenges, an d future directions[END_REF][START_REF] Tara Ba Nko | Ca taly tic ox idation of li gnins into the ar om atic al dehydes: genera l pr ocess trends an d develo pm ent pr os pects[END_REF][START_REF] Cheng | Ca taly tic ox idation of li gnin in so lv ent sy stems for pr oduction of renewa ble chemical s: a revi ew[END_REF][START_REF] Behling | Hetero geneous cataly tic ox idation for li gnin va lo ri zation into va luab le chemical s: What results? What li mi tations? What trends?[END_REF][START_REF] Dai | Recent develo pm ents in chemical degr ad ation of li gnin: cataly tic ox idation an d ionic li quids[END_REF][START_REF] Ha Nson | Knocki ng on wood: ba se metal comp lexes as cataly sts for selectiv e ox idation of li gnin mo dels an d extracts[END_REF][START_REF] Ma | Ca taly tic ox idation of bior efinery li gnin to va luead ded chemical s to suppor t sustai na ble biofuel pr oduction[END_REF][START_REF] Chatel | Revi ew: ox idation of li gnin using ionic li quids -an innova tive stra tegy to pr oduce renewa ble chemical s[END_REF][START_REF] La Nge | Cr estini, Ox idativ e upgr ad e of li gnin -recent ro utes revi ewed[END_REF][START_REF] Cr Estini | Ox idativ e stra tegi es in li gnin chemis try: a new envi ro nm ental fr iendly ap pr oa ch for the functional is ation of li gnin an d li gnocellulo si c fibers[END_REF]. 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 fa ct 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 depolymerization deals with molecular lignin models presenting the most widely occurring bonds like the β-O-4 linkage. Here, this review addresses the literature dealing with technical lignin transformation that reports key qualitative and quantitative data to support the experimental 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.

Polyoxom etallates

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 producing pulp in the paper industry since the 90 s; however, reports addressing their potential to produce chemicals from lignin are rather recent. In 2008, Rohr and co-workers demonstrated that POMs are effective oxidation catalysts for converting Indulin Kraf t lignin into aromatics, mainly vanillin. Note that there wa s no mention of the effect of the acid features of the POMs on these transformations. Treating Indulin in a MeOH-H 2 O (4:1) mixture at 170 °C under O 2 (10 bar) with H 3 PMo 12 O 40 , authors reported a 70 % conversion of initial lignin to extractibles in CHCl 3 (ca. 65 %), 5 % wt being lost as gas products (Scheme 1). Interestingly, the authors reported some characterization of extractibles that contain, when stabilized (see below) 7 % wt (vanillin and methylvanillate) in a 1:1 ratio (from esterification of vanillic acid under the reaction conditions) and oligomeric compounds that represent an average molecular weight M w =1860 g.mol -1 , much lower than that of initial lignin (M w =4120 g.mol -1 ). Therefore, significant reduction of M w wa s observed [START_REF] Voitl | Demo nstration of a pr ocess for the conversi on of kr af t li gnin into va nill in an d methyl va nill ate by acidic ox idation in aq ueous methan ol[END_REF]. Very interesting in this report is the reuse of the catalytic reaction medium recovered af ter filtration of remaining lignin and extraction of products. Despite the fa ct that some catalyst wa s found in the solid products, the recovered medium showed constant activity providing constant yields since the second run. From a process view, it wa s noticed that a slight increase in vanillin and methylvanillate yields attributed to incomplete extraction of the aromatic compounds af ter catalytic run enhancing thus observed yield in following runs. Slight deactivation wa s observed in the 7th run, which wa s solved by adding sulfuric acid to restore initial acidic conditions. In fa ct, while the pH of aqueous solution of indulin wa s given as 10.5 by the supplier, it decreased to 1.13 af ter addition of the aqueous solution of POM catalyst.

Following this report, Zhao et al. reported the depolymerization of various lignins using H 5 PMo 10 V 2 O 40 as catalyst under conditions, once optimized, similar to those described by van Rohr and coworkers (190 °C, MeOH-H 2 O 9:1), pH of reaction mixture 0.93, O 2 20 bar [START_REF] Zhao | Depoly meri zation of li gnin by cataly tic ox idation with aq ueous poly ox om etal ates[END_REF]. Five lignins were studied varying from the nature of the extraction process, i.e. pyrolytic (PL), hydrolytic (HL) (from HCl 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 w from 1047 to 60.000 g.mol -1 ) 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 2 O 1:9. While the efficiency of the catalyst depends on the reaction temperature (150-210 °C) and the solvent mixture, an optimum wa s observed at 190 °C. At this temperature, the authors argued that M w and DP played an important role in terms of oily product yields. Pyrolytic lignin having the lower values (M w /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, effects of M w and DP are obvious suggesting that other fa ctors, like S/G/ H ratio, influence also the production of oily compounds. The main impact on efficiency wa s revealed when addressing the effect of solvent mixture ratio. Increasing the content of methanol, yields of oily compounds reached for PL 47 % in a mixture MeOH-H 2 O 9:1. Authors attributed 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-lyst wa s possible by recovering the product-free reaction medium up to 5 cycles, confirming the stability of POMS catalysts under these conditions. However, methanol wa s described in other works related to lignin depolymerization to give higher alcohols and alkylation products thus increasing the yields of oily fractions [START_REF] Sebhat | Fongar la nd, Co mp ar ativ e study of so lv ol ys is of technical li gnins in flow reactor[END_REF][START_REF] Kuznetso | Djak ov itch, Green cataly tic pr ocessi ng of na tive an d or ga noso lv li gnins[END_REF]. This assumption is supported by studying the composition of the oily fraction that contains, like in the work reported by van Rohr and coworkers, aromatic compounds such as aldehydes, carboxylic esters (methanol derived from) along with diesters from methanol issued from over oxidation 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 oxidative 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 oxidation of the intermediate aromatic compounds derived from lignin depolymerization (Scheme 2) [START_REF] Demesa | Ko ir an en, Va lo ri zation of li gnin by pa rtia l wet ox idation using sustai na ble hetero poly acid cataly sts[END_REF]. 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 wa s possible using gravimetric procedures by addition of Et 2 O forming a POMether complex for H 3 PW 12 O 40 , or by simple distillation of the reaction mixture for H 3 PMo 12 O 40 . 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 reaction conditions. In this work all reactions were conducted in pure water, whereas in previously described studies alcohols were used as cosolvent, confirming therefore their role to prevent degradation reactions (i.e. over oxidation). This provides some indications for developing further lignin depolymerization with such highly active oxidation catalysts depending on the targeted compounds.

Perovskites

Perovskites of general formulae ABO 3 or alternatively, AB 1-x D x O 3 (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 depolymerization of lignin is rather recent, and wa s mostly developed by Lin and Liu and coworkers [START_REF] Zhan | Wet aero bic ox idation of li gnin into ar om atic al dehydes cataly zed by a Pero vs ki te-type ox ide: La Fe 1-x Cu x O 3 (x = 0, 0. 1, 0. 2)[END_REF][START_REF] Deng | Activi ty an d stab il ity of pero vs ki te-type ox ide La Co O 3 cataly st in li gnin cataly tic wet ox idation to ar om atic al dehydes pr ocess[END_REF][START_REF] Deng | Pero vs ki te-type ox ide La MnO 3 : an efficient an d recyclab le hetero geneous cataly st for the wet aero bic ox idation of li gnin to ar om atic al dehydes[END_REF] following the pioneering works of Yang et al.

Scheme 2. Lignin oxidative depolymerization with polyoxometallates in water. [START_REF] Ya Ng | Remo va l of sa li cyli c acid on pero vs ki te-type ox ide La FeO 3 cataly st in cataly tic wet ai r ox idation pr ocess[END_REF] and Royer et al. [START_REF] Ro Yer | Mechan is m of steari c acid ox idation ov er na nocrys tall ine La 1-x A′ x BO 3 (A′= Sr , Ce; B=Co , Mn): the ro le of ox yg en mo bili ty[END_REF]. Authors evaluated various perovskites for oxidative depolymerization of enzymatic extracted lignin from steamexploded cornstalk (Ta ble 1).

Da ta reported in Ta ble 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 LaFe 0.8 Cu 0.2 O 3 65 % of conversion wa s 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 fa cility to break corresponding bonds. Nevertheless, for each analyzed aldehyde, an increase of the yields wa s observed in the presence of catalyst, those containing Cu exhibiting the highest yields. However, yields of vanillin and syringaldehyde decreased af ter a relatively short reaction time (0.5-1 h) that wa s attributed to over oxidation to organic acids.

Although difficult to assess, XPS studies support a possible mechanism involving formation of redox metallic couples by adsorption of oxygen species at the surfa ce of the perovskites. The efficiency may be related to the good oxygen storage capacities of such materials. Efficient reusability up to 5 cycles wa s demonstrated with all catalysts which were reengaged without specific treatment af ter a simple filtration and no structural nor textural changes were observed during the lignin oxidative depolymerization procedures.

Metal oxides

Metal oxides are common oxidation catalysts. For lignin oxidative depolymerization, besides rhenium oxides and associated MeReO 3 [START_REF] Cr Estini | Ox idativ e stra tegi es in li gnin chemis try: a new envi ro nm ental fr iendly ap pr oa ch for the functional is ation of li gnin an d li gnocellulo si c fibers[END_REF][START_REF] Cr | Sa la dino, Im mo bili zed methyl trioxo rhenium (MTO)/H 2 O 2 sy stems for the ox idation of li gnin an d li gnin mo del comp ounds[END_REF], CuO is probably the most documented catalyst [START_REF] Vill Ar | Ox idation of hard wood kr af tli gnin to phenol ic deri va tives with ox yg en as ox idan t[END_REF]. Good activity can be reached, but generally the selectivity is not very high particularly when considering vanillin product. Zhu and coworkers reported recently the use of ReO x supported on γ-Al 2 O 3 as an efficient catalyst to produce vanillin from Kraf t lignin in molten phenol as solvent (Scheme 4) [START_REF] Luo | Selectiv e li gnin ox idation towa rd s va nill in in phenol media[END_REF]. While the use of phenol is disputable for green chemistry considerations, it led to high selectivity towa rds 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 Reaction conditions: aqueous solution of lignin (60 g.L -1 ), NaOH (2 mol.L -1 ), catalyst (3 g.L -1 ), P O2 part. : 5 bar in nitrogen, P Tot : 20 bar, 120 °C.

60 min, 6.9 % at 80 min), it seems that the use of phenol can prevent over oxidation compared to other media. This wa s accompanied by the formation of other unidentified products issued from lignin. Concerning the catalyst, the oxidation state of Re wa s not definitively determined but ReO 3 and Re 2 O 7 species have been identified from XPS and Raman spectroscopy. Efficient recyclability wa s demonstrated at least 3 times af ter catalyst recovery by simple filtration. Note that under the same conditions other supported metal oxide Fe 2 O 3 /γ-Al 2 O 3 gave poor activity. Also, comparison with ReO x supported on CeO 2 indicates that the slightly higher acidic character of γ-Al 2 O 3 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, Ba rakat and coworkers described recently the use of various CoFeO mixed metal oxides [START_REF] Hd | Ox idativ e conversi on of li gnin ov er coba lt-ir on mi xed ox ides pr epar ed vi a the al gi na te gela tion[END_REF][START_REF] Hd Idou | Sy nthesi s of Co FeO mi xed ox ides vi a an al gi na te gela tion pr ocess as efficient hetero geneous cataly sts for li gnin depoly meri zation in wa ter[END_REF]. Alginate wa s used as a sacrificial template to provide nano-nucleation delivering af ter 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 Co (3-x) Fe x O 4 or Co x Fe (2-x) O 3 . After studies on lignin model polymer prepared by peroxidase-polymerization of G-and/or Smonomer units, the authors addressed the reactivity of an Organosolv lignin extracted from wheat straw. Among the catalysts, Co 1.8 Fe 1.2 O 4 -Co 0.8 Fe 1.2 O 3 , 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 % wt in which aldehydes (mainly syringaldehyde) are the main compounds observed, using water or wa ter/methanol mixture as reaction medium (Scheme 5). Alkyl aromatics were also observed attributed to demethoxylation of lignin upon catalyst action. When methanol wa s used as co-solvent it wa s suggested that alkylation of lignin by methanol occurred as well since their ratio increased. Authors noticed that the yield of aromatics depended on the temperature, but also on the amount of catalyst, and increasing catalyst loading fa vored aromatic formation. As an explanation, the authors suggested that the basic nature of the catalyst could help to overcome recondensation reactions that often occur during oxidative lignin depolymerization. Thus at 200 °C and af ter 4 h in pure wa ter under diluted oxygen (10 % in N 2 , 10 bar) atmosphere lignin conversion reached ca. 40 % giving syringaldehyde with a selectivity to main 50 % based on identified compounds. The catalyst wa s recovered, dried then calcined before reuse, and selectivity into main products remained constant over at least 2 more cycles.

Metal catalysts

Metal catalyst are relatively often used in the field of lignin depolymerization, 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 efficient catalysts [START_REF] Sun | Co ba lt na nopa rticles embedded in N-doped poro us carb on deri ved fr om bimetall ic zeol itic im idazol ate fr am ewor ks for one-pot selectiv e ox idativ e depoly meri zation of li gnin[END_REF]. The 5%Co/CN catalysts were synthesized by carbonization of Co-ZIF-based metal-organic-frameworks leading to solids presenting a porous structure with interesting O 2 adsorption abilities, while the Lewis acid character of the N sites may enhance lignin interaction with the catalyst. While most of the work concerns molecular model of lignin, the authors reported results related to an Organo-Scheme 3. Lignin oxidative depolymerization with Fe-containing perovskite. 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 β-O-4 bonds in 2D HSQC spectra of recovered lignin. These observations were correlated to the formation of aromatic compounds in the liquid phase in 15 % wt , 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 [START_REF] Sebhat | Fongar la nd, Co mp ar ativ e study of so lv ol ys is of technical li gnins in flow reactor[END_REF]. Experiments conducted in the presence of TEMPO indicated that the mechanism may involve radical formation. Catalyst recovery wa s possible using an external magnet. After ethanol wa shing and drying it wa s reused for lignin model oxidation showing a constant decrease, probably due to Co°oxidation during the first run. The efficiency could be fully restored af ter a reduction step. Gold nanoparticles with 2.1 nm average size supported on Li-Al layered double hydroxide (LDH) were recently used under O 2 atmosphere [START_REF] So Ng | Gold-cataly zed conversi on of li gnin to lo w mo lecula r weig ht ar om atics[END_REF]. After addressing oxidative cleavage of classical lignin bonds in model compounds, the authors engaged the AuNPs/Li-AL LDH catalyst in the oxidative depolymerization of Indulin AT Kraf t lignin (from pinewood) and an Organosolv lignin extracted from maple wood using γ-valerolactone (GVL). DM F wa s used as solvent in these experiments, and lignin samples were treated in the presence of catalyst at 120 °C under 1 bar of O 2 for 24 h. While Kraf t lignin gave low amount of aromatic monomers (ie < 10 % wt ) af ter reaction and careful extraction, GVL-extracted lignin gave up-to 40 % wt of aromatic monomers, mainly as syringaldehyde. Authors attributed this to the fa ct that Organosolv process preserves the "native" structure of lignin whereas Kraf t process tends to cross-link lignin chains with each other. However, while this is true, from our expertise and literature reports, it is generally also observed that lignin extracted from hardwoods and containing therefore syringyl units are more sensitive towa rds 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 authors propose that molecular oxygen wa s activated at the Au-O-Li interfa ce while the basic sites of the LDH support allow reactant adsorption by deprotonation. Here a two-electron pathwa y seems to be involved preferentially over a radical mechanism preventing aromatic over oxidation. Recycling experiments performed on a lignin model indicated the absence of metal leaching, however the accumulation of acidic species at the surfa ce prevented full reusability, which could be nevertheless restored af ter wa ter wa shing.

Among available noble metal based catalysts used in oxidative lignin depolymerization, surprisingly few reports concern Pd-based catalysts, compared to reductive routes. Recently, Pd/CeO 2 wa s described for oxidative depolymerization of an Organosolv lignin in methanol under oxygen at 185 °C for 24 h (Scheme 6) [START_REF] Deng | Ox idativ e conversi on of li gnin an d li gnin mo del comp ounds cataly zed by CeO 2 -suppor ted Pd na nopa rticles[END_REF]. At reaction completion, vanillin (5.2 % wt ), guaiacol (0.9 % wt ) and p-hydroxybenzaldehyde (2.4 % wt ) 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 2 catalyst also allowed for demethoxylation, which wa s not, to our knowledge, reported before under such reaction conditions. Regarding the bond-breaking reaction itself, the authors suggested that 1.5 % wt Pd/CeO 2 catalyst allows to oxidize α-OH in the interlink initiating thus β O4 bond cleavage by the catalyst to produce phenols and benzaldehydes (see Scheme 6 in Other catalysts section). The

β O4
bond cleavage can also be realized by Pd-free CeO 2 however only af ter an oxidation step of the α-OH. These results suggest that a synergetic effect between the two components of the catalyst exists, allowing improved yields into aromatics compared to other metal oxide supports. Note that such a mechanism is in agreement with performance of Pd-catalysts in oxidation of benzyl alcohols.

Sales and co-workers have extensively investigated Pd-based catalysts for the oxidative depolymerization of lignin. In a first study, oxidative depolymerization of lignin issued from bagasse wa s af fected by 2.85 % wt Pd/γ-Al 2 O 3 showing a clear yield increase for vanillin (0.2 % wt to 2.5 % wt ), syringaldehyde (0.3 % wt to 3.6 % wt ) and phydroxybenzaldehyde (0.6 % wt to 4.1 % wt ). A kinetic model resulting from these studies indicated that the catalyst did not play a role in lignin depolymerization but acts in subsequent transformations, leading mainly to degradation products derived from syringaldehyde [START_REF] Sa Les | Experi mental eval ua tion an d continuous cataly tic pr ocess for fine al dehyde pr oduction fr om li gnin[END_REF][START_REF] Sa Les | Ki netic eval ua tion an d mo deli ng of li gnin cataly tic wet ox idation to selectiv e pr oduction of ar om atic al dehydes[END_REF]. In other studies performed approximatively at the same time, the authors proceed to bagasse lignin depolymerization in a threephase reactor using a continuous flow procedure. Under these conditions, the best yield of aromatic aldehydes (vanillin and syringaldehyde) reached 12 % wt , which wa s in agreement with values obtained from pseudo-heterogeneous ax ial dispersion model [START_REF] Sa Les | Ca taly tic wet-ai r ox idation of li gnin in a three-phas e reactor with ar om atic al dehyde pr oduction[END_REF]. 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 wa s attributed to higher resistance to the oxygen mass transfer for the continuous flow reactor. However, the global production of aldehydes increased by approximatively 15-20 times in 2 h when keeping the same other conditions [START_REF] Sa Les | Experi mental eval ua tion an d continuous cataly tic pr ocess for fine al dehyde pr oduction fr om li gnin[END_REF]. 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 conditions.

Non-conventional approaches

In this section, we aim at describing alternative approaches towa rd oxidative lignin depolymerization. One of them wa s reported by Muddassar 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 2 with the aim of increasing the production of organic acids [START_REF] Muddas Sa R | Effects of cataly sts an d pH on li gnin in pa rtia l wet ox idation of wood an d stra w black li quor s[END_REF]. Black liquors of two lignins were considered in this work, a Kraf t and a soda lignin (the latter being produced from wheat straw). Depolymerization reactions were conducted under oxygen in the presence or not of an iron-based catalyst (in some cases H 2 O 2 wa s added as co-oxidant). A temperature range from 170 to 230 °C wa s evaluated. Considering native black liquor, whatever the lignin, the iron supported on activated carbon 2.23 % wt Fe/AC catalyst had no influence on the reactivity. Only the temperature showed moderate 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 af ter 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 acidification with carbon dioxide (that is on the basis of several processes like LignoBoost) [START_REF] Toma | The li gnoboost pr ocess[END_REF]. Authors noticed that the oxygen demand when treating acidified black liquor wa s lowered. This wa s attributed to removal of hemicellulose and other polysaccharides by the CO 2 treatment, but we believe that it is mostly related to removal of some lignin fragment upon CO 2 addition that are more sensitive towa rds oxidative depolymerization. This assumption is correlated by analyses performed on remaining liquors that showed lower polydispersity, higher weightaverage 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 wa s then further treated under catalytic or not conditions. Valle et al. reported 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 [START_REF] Va Ll E | Selectiv e pr oduction of ar om atics by crude bio-oil va lo ri zation with a nickel-mo dified HZSM -5 zeol ite cataly st[END_REF]. The catalyst wa s 1% wt Ni/HZSM -5. Catalyst deactivation by coke formation occurred but wa s reduced by co-feeding an optimal amount of methanol, thanks to the wa ter evolved from methanol dehydration on the acid sites of the catalyst, which also increased the selectivity towa rds aromatics (mainly BT X). Note that this study wa s performed under neutral He in the gas phase.

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 Kraf t lignin wa s injected inside a fluidized bed catalytic reactor operating above 330 °C for 15 min under an O 2 -Ar atmosphere. Catalysts were based on vanadium, a metal often used for oxidations of hydrocarbons. Vanadium pyrophosphate catalysts (VO) 2 P 2 O 7 -(VO) 2 P 4 O 12 gave preferentially maleic anhydride together with other carboxylic acids while coke, carbon oxide and hydrogen were also produced. Over VMoO/Al 2 O 3 catalysts, lactic acid together with formic, acrylic and maleic acid were obtained [START_REF] Lo Tfi | Gas-phas e pa rtia l ox idation of li gnin to carb ox yl ic acids ov er va na dium pyro phos phate an d al um inum -va na diummo ly bdenum[END_REF]. In both cases coke formation wa s shown to deactivate the catalysts, but efficiency could be partially recovered by an in situ calcination step. Later the same authors revisited the process with the aim of minimizing coke and char formation keeping 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 [START_REF] Lo Tfi | Gas-so li d conversi on of li gnin to carb ox yl ic acids[END_REF]. Several reactor configurations were evaluated, including thermal oxidative steam cracking (T ≤ 550 °C) prior to oxidation which produced lower coke and char on the catalyst surfa ce, fa voring aromatics formation. Over VMoO/Al 2 O 3 or VMoO/HZSM -5, 23-25 % bio-oil wa s obtained consisting mainly in maleic acid (20 % of selectivity). Replacing both supports by TiO 2 increased maleic acid selectivity to 45 %. Over VWO/HZSM -5, selectivity turned to the formation of butyric acid.

Other catalysts

Another kind of catalytic system, based on metal salts has been reported, 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 wa s considered, often H 2 O 2 wa s used as oxidant, and, therefore these reports do not fa ll within the scope of this article. Nevertheless some examples with O 2 as oxidant in the presence of metal salts of mainly copper and cobalt have been reported for oxidative lignin depolymerization. Villar et al. used CuSO 4 and CoCl 2 salts given as not soluble in the basic liquid reaction phase containing eucalyptus Kraf t lignin. They noticed that they did not significantly improve lignin conversion (compared to the non-catalyzed reaction) into aromatic compounds and syringaldehyde wa s the main product at temperatures of 170-190 °C. This wa s due to over-oxidation delivering low molecular weight molecules (mainly organic acids) [START_REF] Vill Ar | Ox idation of hard wood kr af tli gnin to phenol ic deri va tives with ox yg en as ox idan t[END_REF]. To improve the solubility of the catalysts, a Co(Salen) complex and a CuSO 4 -ethylene glycol system were used but none of them gave better results, indicating that the catalyst phase did not play an important role in oxidative depolymerization with such metals. However, no data were provided to show that the Co(Salen) complex wa s effectively fully soluble under the reaction conditions. Recently, Zhou et al. reported the use of Co (Salen) complex graf ted on graphene oxide (GO) for oxidative depolymerization of lignin [START_REF] Zhou | Co (sal en) suppor ted on gr ap hene ox ide for ox idation of li gnin[END_REF]. An eucalyptus Organosolv lignin solubilized in MeCN-THF 10:1 mixture wa s 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 wa s mainly produced which is rather surprising, since eucalyptus wood contains mostly syringyl units. The support seemed to play an important role here; however no data wa s given on the intrinsic potential activity of the support itself. Recyclability experiments were performed af ter catalyst 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 [START_REF] Zhao | Co va lent tria zine fr am ewor k cataly tic ox idativ e cleava ge of li gnin mo dels an d or ga noso lv li gnin[END_REF]. In a first step, an Organosolv lignin wa s pre-oxidized using a mixture of DD Q/tBuONO/O 2 that selectively oxidized to ketone the benzylic OH group on the β-O-4 moiety. The catalysts allowed then the cleavage of oxidized β-O-4 bonds at 180 °C in methanol under O 2 . 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 2 supposed to be removed during the synthesis. The catalyst wa s therefore presented as metal free although no proof of the absence of residual Zn wa s given to establish the full organocatalysis nature of the system. Reusability of the catalyst wa s 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 wa s based on that described previously by Lancefield et al. who used a Zn/NH 4 Cl catalytic system leading to C 9 -syringyl-based units in 5 % yield [START_REF] La Ncefield | Isol ation of functional ized phenol ic mo nomers thro ugh selectiv e ox idation an d C-O bond cleava ge of the β-O-4 li nkag es in li gnin[END_REF]. Zhao et al. reported only proof of oxidation of original lignin that can be due to the use of DD Q/tBuONO/O 2 mixture. The main interest from this procedure is the capacity to depolymerize lignin to its constituting "original" monomeric C 9 -units.

Catalytic reductive depolymerization of lignin

The catalytic reductive depolymerization of lignin is an important and challenging topic, inspired by well-known early works [START_REF] Ha Rr Is | Reaction of hard wood li gnin with hydr og en[END_REF][START_REF] Pepper | Studies on li gnin an d rela ted comp ounds. LX XX VII. Hi gh pr essure hydr og enation of ma ple Wood[END_REF][START_REF] Ra Tcli Ff | Hy dr odeoxy gena tion of li gnins an d mo del comp ounds[END_REF][START_REF] Meier | Ca taly tic hydr opyr ol ys is of li gnin: influence of reaction conditions on the form ation an d comp os ition of li quid pr oducts[END_REF][START_REF] Oa | Ca taly tic hydr otreatment of so me technical li gnins[END_REF]. As for the catalytic oxidative depolymerization section, only the catalytic depolymerization of technical lignins with heterogeneous catalysts will be reported. Even if they can af ford very precious and fundamental insights 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 wa s 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 reductive conditions, the thermocatalytic cleavage of ether bonds, like β O4 linkage, is quite easy under the operating conditions used (250-400 °C, 30-200 bar) and leads to phenolic units that can be further deoxygenated in the presence of an adequate catalyst to benzene derivatives. The reactions observed during the lignin depolymerization under reductive conditions are summarized in Ta ble 2. The type of solvent used during the process may have a strong impact on the reactivity and is a real issue. Most of the time, protic or hydrogen-donor solvents are used, but, under operating conditions, the solvent is usually not inert and can react directly with lignin fragments. This fa ct severely complicates product separations and further analysis.

Solvent free hydroconversion

Several groups have proposed to perform the catalytic liquefa ction towa rds aromatics and phenolics in the absence of solvent in order to simplify work-up and characterization procedures af ter 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 molecular lignin products formed by cleavage. Following earlier studies, recent advances are presented in Ta ble 3 [START_REF] Kl Oekhor St | Ca taly tic hydr otreatment of Alcell li gnin using suppor ted Ru, Pd, an d Cu cataly sts[END_REF][START_REF] Kuma R | So lv ent fr ee depoly meri zation of Kr af t li gnin to al ky lphenol ics using suppor ted NiMo an d Co Mo cataly sts[END_REF][START_REF] Kl Oekhor St | Ca taly tic hydr otreatment of pyro ly tic li gnins to gi ve al ky lphenoli cs an d ar om atics using a suppor ted Ru cataly st[END_REF][START_REF] Agar Wa L | Experi mental studies on the hydr otreatment of Kr af t li gnin to ar om atics an d al ky lphenoli cs using econom ical ly vi ab le Fe-ba sed cataly sts[END_REF][START_REF] Chowda Ri | Hy dr otreatment of Kr af t li gnin to al ky lphenoli cs an d ar om atics using Ni, Mo , an d W phos phides suppor ted on activa ted carb on[END_REF].

The main disadvantage of this process is the very high pressure of H 2 needed. According to pioneering study [START_REF] Meier | Ca taly tic hydr opyr ol ys is of li gnin: influence of reaction conditions on the form ation an d comp os ition of li quid pr oducts[END_REF], the yield of liquid phase increased from 18 % wt to 63 % wt by increasing initial pressure from 20 to 120 bar. Similar results were observed by Horáček et al. [START_REF] Ho Rá Ček | Li gnin to li quids ov er sulfided cataly sts[END_REF] using a NiMo sulfide catalyst. Hence, high H 2 pressure seems to be necessary to obtain a high yield of liquid in the absence of solvent. This can be explained by the fa ct that under high H 2 pressure, hydrogen can diffuse better into the mixture and available hydrogen atoms can quickly stabilize unstable free radicals and avoid recondensation reactions. Thereby the liquid yield increases and the solid yield decreases with increasing pressure. In addition, the better H 2 diffusion to the catalyst may fa vor hydrogenolysis steps.

The catalysts employed under these conditions were mostly supported noble metals [START_REF] Kl Oekhor St | Ca taly tic hydr otreatment of Alcell li gnin using suppor ted Ru, Pd, an d Cu cataly sts[END_REF][START_REF] Kl Oekhor St | Ca taly tic hydr otreatment of pyro ly tic li gnins to gi ve al ky lphenoli cs an d ar om atics using a suppor ted Ru cataly st[END_REF], metal sulfide [START_REF] Kuma R | So lv ent fr ee depoly meri zation of Kr af t li gnin to al ky lphenol ics using suppor ted NiMo an d Co Mo cataly sts[END_REF][START_REF] Agar Wa L | Experi mental studies on the hydr otreatment of Kr af t li gnin to ar om atics an d al ky lphenoli cs using econom ical ly vi ab le Fe-ba sed cataly sts[END_REF] and metal phosphide [START_REF] Chowda Ri | Hy dr otreatment of Kr af t li gnin to al ky lphenoli cs an d ar om atics using Ni, Mo , an d W phos phides suppor ted on activa ted carb on[END_REF]. The liquid yield can reach 80 % wt especially with noble metal catalysts (Pd/C, Ru/TiO 2 , Ru/C) and aromatic monomer yield vary from 10 to 30 % wt 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 Kraf t lignin. It wa s demonstrated that using the same catalyst the yield of aromatic monomers wa s higher from pyrolytic lignin compared to Alcell and the highest yield into monomers with pyrolytic lignin from forestry residue (including alkanes, ketones) wa s 51 % wt [START_REF] Kl Oekhor St | Ca taly tic hydr otreatment of pyro ly tic li gnins to gi ve al ky lphenoli cs an d ar om atics using a suppor ted Ru cataly st[END_REF]. From Kraf t lignin, the best yield obtained into monomers is 45.7 % wt (including alkanes in addition to phenolics and BT X) with activated carbon supported NiMo phosphide catalysts [START_REF] Chowda Ri | Hy dr otreatment of Kr af t li gnin to al ky lphenoli cs an d ar om atics using Ni, Mo , an d W phos phides suppor ted on activa ted carb on[END_REF]. Those catalysts have a higher activity compared to metal sulfide catalysts with no need of additional sulphur in the feed to preserve sulfidation state for sulfide catalysts. Since Kraf t lignin contains sulphur, noble metals would be poisoned and were not tested. The amount of solid residues reaching 35 % wt from Kraf t lignin with the most acidic supports can be lowered by the use of a basic support [START_REF] Kuma R | So lv ent fr ee depoly meri zation of Kr af t li gnin to al ky lphenol ics using suppor ted NiMo an d Co Mo cataly sts[END_REF]. The yield of solid residue wa s negligible in case of noble metals catalysts with pyrolytic or Alcell lignin.

To conclude, solvent free conditions fa cilitate the product work-up and mass balance closure and allow the formation of large amount of organic liquid containing aromatic monomers. However, an obvious draw back is that the yield of non-convertible char formation seems to be more severe than under solvent-assisted conditions with similar cat-Scheme 7. Lignin oxidative depolymerization with triazine frameworks.

Table 2

Reactions occu rring for lignin depolyme rization un der redu ctive conditions. alysts and lignin (see also Fig. 2) [START_REF] Joffres | Ca taly tic hydr oconvers ion of a wheat stra w so da li gnin: char acteri zation of the pr oducts an d the li gnin resi due[END_REF]. In order to avoid this disadvantage for achieving a high yield of liquid products, reaction pressure must be sufficiently high (> 200 bar at operating temperature). Moreover, high reaction temperature is required to fa vor the depolymerization of lignin. Variation of original lignin and extraction methods make it difficult to draw general conclusions regarding the best type of catalyst and operating conditions. Overall, under solvent free conditions the operating conditions are really harsh. Concerning the aromatic monomeric product yield, alkylphenolic and BT X yields can reach respectively 25 % wt and 15 % wt .

Hydroconversion in inert solvents

Inert solvents with poor hydrogen donating ability, and no interaction with lignin derivatives have also been used. Some significant examples have been reported using dodecane, naphthalene and 1methylnaphthalene [START_REF] Ra Tcli Ff | Hy dr odeoxy gena tion of li gnins an d mo del comp ounds[END_REF][START_REF] Joffres | Ca taly tic hydr oconvers ion of a wheat stra w so da li gnin: char acteri zation of the pr oducts an d the li gnin resi due[END_REF][START_REF] Wild | Li gnin va lo ri sa tion for chemical s an d (tra nsportation) fuels vi a (catal ytic) pyro ly si s an d hydr odeoxy gena tion[END_REF]. 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 depolymerization of a wheat straw soda lignin with NiMoS catalyst decreased the yield of liquid from 60 % wt to 30 % wt (Fig. 2). Moreover, it wa s observed that 1-methylnaphthalene wa s quite reactive to lignin fragments since 6 % wt of naphthalene and 8 % wt of dimethylnaphthalene were found in the products. On the contrary, dodecane wa s found an efficient solvent for the catalytic depolymerization of a cellulolytic lignin over silicaalumina supported Ni catalyst af fording cycloalkanes under H 2 pressure [START_REF] Ko Ng | Direct pr oduction of na phthenes an d pa ra ffins fr om li gnin[END_REF]. Overall, the addition of inert solvents like dodecane, and 1methylnaphthalene may fa vor catalytic performance by improving gas-liquid-solid contacts compared to solvent-free conditions. Consequently, the catalyst/lignin mass ratio employed wa s mostly lower than under solvent-free conditions. Nevertheless, the performance obtained using those solvents wa s poor and in all cases using inert solvents, the yields of phenolics and aromatic products were relatively low, showing no distinct improvement compared to solvent-free condi- tions, and complicating product recovery. Thus an inert solvent provides little advantage for lignin hydroconversion.

Hydroconversion in hydrogen-donor solvents

An attractive alternative inspired by early coal liquefa ction studies is the use of hydrogen donating solvents [START_REF] Va Si La Kos | Hy dr og en-donor so lv ents in biom as s li quefaction[END_REF]. 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 2 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 2 may improve the hydrodeoxygenation (hydrogenolysis) reactions that could provide deoxygenated aromatics. In this case the process is named hydroconversion or hydroprocessing. In the following sections will be reported the main recent work with hydrogen-donor solvents, which have been arbitrary classified in two categories (protic and aprotic).

Protic hydrogen-donor solvents

Typical examples of protic hydrogen-donor solvents used in lignin depolymerization include wa ter, alcohols and formic acid [START_REF] Strüven | Hy dr ocra cking of or ga noso lv li gnin in subcri tical wa ter to useful phenol s employ ing va ri ous Ra ney nickel cataly sts[END_REF][START_REF] Ye | Selectiv e pr oduction of 4-ethylphenoli cs fr om li gnin vi a mi ld hydr og enol ys is , Bior esour[END_REF][START_REF] Zhan G | Phenol ics pr oduction thro ugh cataly tic depoly meri zation of al ka li li gnin with metal chlo ri des[END_REF][START_REF] Hu An G | Ca taly tic depoly meri zation of li gnin in supercri tical ethanol[END_REF][START_REF] Or Egui-Bengoechea | Unra veli ng the ro le of form ic acid an d the type of so lv ent in the cataly tic conversi on of li gnin: a holi stic ap pr oa ch[END_REF][START_REF] Li | In si tu pr epar ation of Ru@N-doped carb on cataly st for the hydr og enol ys is of li gnin to pr oduce ar om atic mo nomers[END_REF]. In general, these protic solvents are used at a temperature and pressure allowing a subcritical or supercritical state where the fluid has a strong solvating power which can have a positive impact on the lignin depolymerization (Ta ble 4). Under hydrothermal conditions, the degradation of lignin under H 2 leads to catechols with high yields and Strüven et al. showed that the use of Raney Ni catalysts under H 2 pressure wa s efficient to obtain phenols [START_REF] Strüven | Hy dr ocra cking of or ga noso lv li gnin in subcri tical wa ter to useful phenol s employ ing va ri ous Ra ney nickel cataly sts[END_REF]. When Ba rta 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 selectively cleaved into C 9 -catechols with a yield of 54.8 % wt [START_REF] Barta | Depoly meri zation of or ga noso lv li gnin to ar om atic comp ounds ov er Cu -doped poro us metal ox ides[END_REF]. It wa s further demonstrated that the Cu catalyses decomposition of methanol to produce CO and H 2 . In this wa y, methanol serves as the in situ hydrogen source for the hydrogenolysis-hydrogenation reactions. However in this work, a high catalyst-to-lignin ratio wa s needed and the lignin wa s 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 [START_REF] Or Egui-Bengoechea | Unra veli ng the ro le of form ic acid an d the type of so lv ent in the cataly tic conversi on of li gnin: a holi stic ap pr oa ch[END_REF]. They suggested that formic acid not only acted as hydrogen-donor (by degradation to CO 2 and H 2 ) 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 wa s the most efficient. Other studies [START_REF] Tang | Ca taly tic hydr ocra cking of pyro ly tic li gnin to li quid fuel in supercri tical ethanol[END_REF][START_REF] Hu An G | Ethanol as capping ag ent an d form al dehyde scav enger for efficient depoly meri zation of li gnin to ar om atics[END_REF] compared ethanol and longer alcohols. Ethanol wa s shown to be a better solvent than wa ter 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 wa s found to have good properties for hydrogen transfer suppressing better the formation of solid residue. This solvent wa s successfully used in catalytic cracking of Kraf t Lignin on various zeolite-supported NiCu, and in this case alkanes and cycloalkanes were mainly obtained [START_REF] Ko Ng | Efficient an d contro ll ab le al coholy si s of Kr af t li gnin cataly zed by poro us zeol ite-suppor ted nickelcopper cataly st, Bior esour[END_REF]. The advantage of these solvents is that hydrogen transfer is very efficient in the presence of a wellchosen catalyst and there is no need of H 2 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/TiO 2 with various home-extracted lignins under mild conditions led to obtain methoxyphenolics in quite high yield (18.7 % wt ). However, depending on the type of lignin, the performance can be less interesting [START_REF] Hu | Ca taly tic tran sf er hydr og enol ys is of li gnin into mo nophenol s ov er platinum -rhenium suppor ted on titanium diox ide using is opro pa nol as in si tu hydr og en so urce, Bior esour[END_REF]. For instance application to a conventional black liquor lignin showed much lower yields of phenolics because of the lack of β O4 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 [START_REF] Li | In si tu pr epar ation of Ru@N-doped carb on cataly st for the hydr og enol ys is of li gnin to pr oduce ar om atic mo nomers[END_REF].

To conclude, the protic hydrogen-donor solvents are used to stabilize 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.

Non-protic hydrogen-donor solvents

Tetralin is the most employed non-oxygenated solvent as a hydrogen-donor solvent in lignin liquefa ction [START_REF] Va Si La Kos | Hy dr og en-donor so lv ents in biom as s li quefaction[END_REF] (Ta ble 5). The reason is that it can be dehydrogenated to naphthalene under hydroconversion conditions (> 250 °C) and the free H radicals formed are directly injected in the liquid phase to neutralize alkyl or alkoxy radicals and improve the H 2 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 2 for lignin hydrotreatment, so-called solvolysis [START_REF] Kl | Hy dr og enation of li gnin with cyclohexan ol[END_REF][START_REF] Co Nnor S | Therma l degr ad ation of Kr af t li gnin in tetral in[END_REF]. However, in this case the yield of liquid formed wa s very low, due to relatively low temperature and the absence of catalyst to help the cleavage of bonds between phenolic units. As said above, the importance of hydrogen donor effect can be illustrated by comparing results with tetralin and naphthalene and, the liquid yield with tetralin wa s 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 hydrogen-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 additional 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 2 pressure [START_REF] Kl Opri Es | Ca taly tic hydr ol iquefa ction of biom as s with red mu d an d Co O-Mo O 3 cataly sts[END_REF]. The distribution of products using two different catalysts showed that 95 % wt of lignin wa s 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 impossible to get further catalytic effects since detailed liquid distribution wa s not mentioned in this work. Thring et al. also underlined the need for added hydrogen to achieve higher liquid yield and lower char formation [START_REF] Thri Ng | Hy dr ocra cking of so lv ol ys is li gnin in a ba tch reactor[END_REF]. It wa s also pointed out that the high yield of either solid char or residual lignin wa s governed by reaction temperature. At high severity, significant cracking of lignin occurred and the high yield of solid char wa s due to insufficient amount of hydrogen in the batch reactor. 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 demethoxylation reaction did not occur in the absence of hydrogen-donor solvent [START_REF] Ki | Hy dr og en-donor-as si sted so lv ent li quefaction of li gnin to shor t-chai n al ky lphenols using a mi cro reactor/ga s chro ma togr ap hy sy stem[END_REF]. Secondly, they performed a series of experiments in tetralin with varying reaction time between 0.25 and 1.7 h. NMR analysis of residual lignin suggested the following sequence of reactivity for functional groups in hydrocracking: aliphatic OH > aromatic OCH 3 > aromatic OH. Besides, from the analysis of the liquid fraction, the relatively large quantities of C 1 -side-chains as well as phenolic products with no sidechains suggests strongly that homolytic cleavage between α and β carbon atoms as well as between the ring and the α carbons are frequent in hydrocracking.

Following these studies, the hydroconversion of lignin wa s undertaken on classical NiMo sulfide catalysts in tetralin in a batch reactor [START_REF] Joffres | Ca taly tic hydr oconvers ion of a wheat stra w so da li gnin: char acteri zation of the pr oducts an d the li gnin resi due[END_REF]. The reactor wa s equipped with a H 2 reserve to keep the total pressure unchanged and H 2 consumption wa s followed. The identification of the gas, liquid and solid fractions wa s investigated using a complete products-recovery protocol and comprehensive techniques as μ-GC, GCxG C-MS , GC-FID, GPC and NMR (HSQC). Characterization of the used soda lignin by NMR and GPC included the various lignin residues obtained af ter conversion to identify the changes occurring on the lignin backbone. In addition, the vaporisable fraction of liquids wa s analyzed by GCXGC and identification and quantification were completely achieved by successive use of mass and FI detectors (Fig. 3) [START_REF] Joffres | Li gnin hydr oconvers ion on Mo S 2 -ba sed suppor ted cataly st: comp rehensiv e an al ys is of pr oducts an d reaction scheme[END_REF]. From all of this, it appeared that af ter the depolymerization, the hydrodeoxygenation reactions occurred simultaneously on lignin residues, oligomers and monomers. The limitation of this work wa s the use of a batch system. Effectively, even if the reactor wa s opened to a H 2 reserve to keep the total pressure constant, the formation of gaseous products increased with the residence time, leading to a decrease of H 2 partial pressure in the reactor. In addition, it wa s suggested that wa ter formed during the hydrodeoxygenation of aliphatic alcohols and methoxyphenols could be detrimental to the catalyst action in that system. The batch system wa s thus upgraded to a dynamic semi-batch setup opened on the gas-phase and equipped with a reflux system and a μ-GC to analyse gas online [START_REF] Pu | Li gnin cataly tic hydr oconvers ion in a semicontinuous reactor: an experi mental study[END_REF]. This system allowed the recovery of light products and wa ter in a cold trap and limited over-conversion of deoxygenated aromatics. The high efficiency of this system wa s confirmed by comparison with the previous one: the same conversion wa s reached in 5 h instead of 14 h of residence time, with the same extent of depolymerization and deoxygenation in the liquid. The catalytic conversion of a wheat straw soda lignin over CoMoS/Al 2 O 3 catalyst wa s performed followed by separation of the fractions and extensive characterizations of each. The evolution of depolymerization and hydrodeoxygenation products wa s clearly described with a total of 17 % wt of monomers af ter 13 h of residence time. The experimental data obtained were used to build a kinetic model based on the Lump approach [START_REF] Pu | Ki netic mo deli ng of li gnin cataly tic hydr oconvers ion in a semi -ba tch reactor[END_REF]. In comparison with other in situ hydrogen sources like alcohols and formic acid, tetralin reacted much less with lignin derivatives, limiting the difficulty of mass balance determination. However, in the previous studies, despite the advantages of using this hydrogen-donor solvent, many tetralin derivatives formed by methyl transfer from lignin were observed in low quantity, showing that tetralin wa s not only a kind hydrogen-donating spectator solvent. In another work done with small unstirred batch reactors, temperatures higher than those used for coal liquefa ction (> 400 °C) were employed for various lignin hydrogenolysis experiments over FeS/C catalyst, giving quite high liquid yields but also high quantities of gas [START_REF] Breunig | Direct li quefaction of li gnin an d li gnin ri ch biom as ses by hetero genic cataly tic hydr og enol ys is[END_REF]. A recent study wa s performed by Schneider et al. using anthracene oil as in coal hydroliquefa ction industry [START_REF] Schneider | Hy dr ol iquefa ction of two Kr af t li gnins in a semi ba tch setup under pr ocess conditions ap plicab le for la rg e-scal e biofuel pr oduction[END_REF]. Under high temperature and H 2 pressure, with a low cost catalyst, FeSx, formed in situ and a continuous system to remove volatile products, the conversion of Kraf t lignin (from grass or softwood) led to gases and deoxygenized oil, which wa s easily fractionated by solvent extraction.

Catalysts

As we have seen above, various types of heterogeneous catalysts have been reported in the literature, to reach high levels of liquefa ction and monomer yields. These include monometallic, bimetallic and bifunctional catalysts. The efficient monometallic catalysts are generally expensive noble metal-based ones Ru, Rh, Pd and Pt, supported on various carriers (C, TiO 2 , Al 2 O 3 , SiO 2 , ZrO 2 ) or less expensive Fe, Ni or Cubased solids. Besides the cost, many studies illustrated that noble metal catalysts demonstrate high hydrogenation activity, converting phenolic compounds into naphthenes and cyclohexa nols, 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 2 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 liquid yield, the sulfide catalysts exhibit better performance than the oxide ones. These well-known hydrotreating sulfide catalysts were origi- 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 wa s shown that with these catalysts, using model phenolic molecules such as guaiacol, HDO can be accomplished via two pathwa ys: a direct deoxygenation of phenols to non-oxygenated aromatics or aromatic-ring saturation followed by a deoxygenation step [START_REF] Bui | Hy dr odeoxy gena tion of guai acol with Co Mo cataly sts. Part I: pr om oting effect of coba lt on HDO selectiv ity an d activi ty[END_REF][START_REF] Bui | Hy dr odeoxy gena tion of guai acol : pa rt II: suppor t effect for Co Mo S cataly sts on HDO activi ty an d selectiv ity[END_REF]. The latter route is more favored at high pressures. More recently, a lot of works studied the lignin conversion using metal sulfide catalysts. It appears that when using sulfide catalysts, the yield of liquid wa s significantly higher than with other catalysts and the aromatic-ring saturation to cycloalkanes wa s 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 [START_REF] Wang | Bifunctional Ni cataly sts for the one-pot conversi on of Or ga noso lv li gnin into cycloa lk an es[END_REF]. The final products were usually alkanes and naphthenes, illustrating a highly active cracking activity. It is also claimed that the dehydration step wa s highly dependent on the acidity of the support.

Conclusion

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

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, Kraf t extraction, intensively performed in pulp industry, gives cross-linked lignin that is more refractory to depolymerization. Besides, the botanical 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 towa rd oxidative depolymerization, delivering therefore higher yields of aromatics (mainly syringaldehyde), than those extracted from softwood and composed primarily of guaiacyl units. Nevertheless, for most studies, yields of aromatics remain relatively low, generally 10-20% wt in the best situations, even for total lignin conversion. This fa ct is intimately related to depolymerization methodology. Generally, over-oxidation of primary aromatic products is observed delivering linear (di)carboxylic acids, derived from aromatic ring opening together with oligomeric compounds. Within this approach, despite being in its infa ncy, 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 condensation with primary compounds forming alkylated products.

Interestingly, similar observation are made for the reductive depolymerization. Alcoholic solvents help to perform depolymerization under relative mild operating conditions, limiting recombinations even without gaseous H 2 addition, but still reacting with the newly formed monomers. In this case, the yields of phenolic monomers can reach high values (30 % wt ) 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 especially under high H 2 pressure. This leads to hydrodeoxygenation reactions and a portion of phenolic monomers is converted to BT X aromatics. However, in this case low cost catalysts can be employed. For solvent-free transformations, an even higher H 2 pressure is needed, leading to good yields of liquid products despite significant formation of gaseous products.

Finally, by comparing depolymerization under oxidative and reductive conditions, one can say that obviously higher amount of monomers can be obtained under reductive atmosphere, even using low cost catalysts. 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 oxidative 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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 1 Fig. 1. Schematic representation of lignin with some examples of the main fragments types and bonds.
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 1 Scheme 1. Lignin oxidative depolymerization with polyoxometallates in methanol.
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 4 Scheme 4. Lignin oxidative depolymerization with supported Re oxide.
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 5 Scheme 5. Lignin oxidative depolymerization with Fe and Co mixed oxides.
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 2 Fig. 2. Lignin catalytic hydroconversion with NiMoS/Al 2 O 3 in tetralin, dodecane or without solvent (3 50 °C, 80 bar) (adapted from [86]).
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 3 Fig. 3. GCxGC chromatogram of BTX, naphthenes and phenolic monomers with identification [86].

  

Table 1

 1 Lignin oxidative depolyme rization with various perovskites[33 -35 ].

	Ca taly st	Li gnin conv. (%)	p-Hy dr ox ybenzaldehyde (%) 1 h/3 h	Va nill in (%) (t h) / 3 h	Sy nr inga ldehyde (%) (t h) / 3 h
	no La MnO 3 La Co O 3 La Fe 0.9 Cu 0.1 O 3 60 42 57 57 La Fe 0.8 Cu 0.2 O 3 65	0. 9 / 1. 5 1. 3 / 2. 0 1. 5 / 2. 2 1. 4 / 2. 2 1. 6 / 2. 5	3. 2 (1) / 2. 9 4. 3 (0.5 ) / 3. 9 4. 5 (0.5 ) / 4. 2 4. 4 (0.7 ) / 3. 7 4. 6 (0.7 ) / 4. 3	5. 5 ( 1 h) / 4. 0 9. 3 (0.5 h) / 4. 2 10.0 (0.8 h) / 4. 8 10.8 (0.5 h) / 4. 9 11.5 (0.5 h) / 4. 9

Table 3

 3 Solvent free hydroconversion of lignin in batch reactor.

	AL KL PL KL KL	Ru/C Ru/TiO 2 Pd/C Pd/Al 2 O 3 Cu /ZrO 2 NiMo S/AC or Mg O-La 2 O 3 + DMDS NiMo S/Al 2 O 3 or ZSM-5 + DMDS Co Mo S/AC or Mg O-La 2 O 3 + DMDS Co Mo S/Al 2 O 3 or ZSM-5 + DMDS Ru/C Li mo nite (Fe 2 O 3 + FeOO H) + DMDS Ni2P/AC Mo P/AC NiMo P/AC NiWP/AC NiMo P/AC	5 5 5 5 5 10	400 350 400 350 400 450 400 400	240 240 240 240 240 120	100* 125* 100* 100* 100* 100* 100	PHE (9.0 ) BTX (3.2 ) PHE (9.1 ) BTX (2.5 ) PHE (8.1 ) BTX (4.3 ) PHE (7.3 ) BTX (2.0 ) PHE (4.7 ) BTX (1.3 ) PHE (16) BTX (5.9 ) PHE (10. 5) BTX (3) PHE (12. 5) BTX (5.3 ) PHE (12) BTX (5.3 ) PHE (20. 5) BTX (14. 1) PHE (11. 7) BTX (1.8 ) PHE (12. 1) BTX (1.8 ) PHE (16. 7) BTX (4.1 ) PHE (9) BTX (3.1 ) PHE (22. 4) BTX (8) PHE (22. 5) BTX (7.6 ) PHE (17. 9) BTX (5.3 ) PHE (25) BTX (8.7 )	63.9 78.3 67.5 75.1 71.8 50-57. 8 40.8 -43. 2 49.5 -52. 6 29.8 -48 75.4 -75. 8 49 36 33 39.2 61.2 64.3 59.3 70.6	[62] [63] [64] [65] [66]

Li gnin Ca taly st Ca taly st/Lig nin (% wt ) T (°C) T (min) P (bar ) Ma x. ar om atic mo nomers yi eld (% wt ) Li quid yi eld (% wt ) Ref AL: Alcell Lignin; OL: Organocell Lignin; KL: Kraft Lignin; PL: Pyrolytic Lignin; AS: Aluminosilica; AC: activated carbon; DMDS: dime thyldisulfide; PHE: Phenols; BTX: Benzene, Toluene, Xylene. * Initial pressure at room temp erature.

Table 4

 4 Hydroconversion of lignin in the presence of protic hydrogen-donor solvents. : Organosolv Lignin; ML: Methanol-extracted Lignin; PL: Pyrolytic Lignin; AL: Alkali Lignin; SL: Soda Lignin; EL: Eucalyptus Lignin; PM O: Porous Metal Oxide; NC, CM, NCM: N-doped carbon.

	Li gnin So lv ent	Ca taly st	Ca taly st/Lig nin (% wt ) T (°C)	t (h)	P (H 2 )(bar )	Ma in pr oducts (% wt )	Li quefaction (% wt ) Ref
	OL OL AL SL EL OL	wa ter ethanol-wa ter ethanol ethanol form ic acid-al cohols NiMo /sulfa ted Al 2 O 3 10 Ra ney Ni 12 Ru/C, Pd/C, Pt/C 20 ZnCl 2 50 Cu Mg AlOx 50 ethanol-wa ter Ru/C 20 Ru/NC Ru/CM Ru/NCM	360 200-275 1. 5-3 10-60* 3 70* 300 2 70* 300 1-20 10* (N 2 or H 2 ) phenol s (12) phenol s + catechol (10. 1) n.d. 4-ethylphenol n.d. 4-ethyl-guai acol phenol s (15. 79) 75.8 guai acol ics (15. 09) n.d BTX (8) 320 6 17.5 * n.d. 26.6 300 2 10 al ky lphenols (30) n.d.	[72] [73] [74] [75] [76] [77]

OL* Initial pressure at room temp erature.

Table 5

 5 Catalytic hydroconversion in the presence of tetralin as apolar hydrogen-donor solvents.

	Li gnin Process Ca taly st	Ca taly st/Lig nin (% wt )	T (°C)	t (h)	P H 2 (bar )	Ma in pr oducts (% wt )	Li quefaction (% wt )	Ref
	RL SL SL LS , KL B # B B SB KL SB**	Red mu d(S) Co Mo (S) NiMo S/Al 2 O 3 Co Mo S/Al 2 O 3 FeS/C FeS/Li gnin (Fe 2 O 4 +S 2 ) FeSx	5 10 10 10 6	400 350 350 435-500 1 4 1-28 80 150* 1-15 80 100*-300 380-485 1 400	phenol s (18. 0-21.3 ) phenol s +a ro ma tics (> 15) phenol s + ar om atics (17) al ky lphenols , al ky lbenzenes al ky lphenols	75-78 78 75 or ga nic li quid: 63 35-60 70 or ga nic li quid: 50.6	[85] [68,88] [89] [91] [92]

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. ** An thracene oil as solvent.

# Batch un stirred.

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