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Several lignin samples of varying botanical nature (softwood, hardwood, or annual plants) and extraction procedures (Kraft, Organosolv or soda) were fully characterized by complementary techniques and engaged in "catalyst-free" depolymerization in air under basic conditions. Treatment of the complex reaction mixture was optimized to ensure reproducibility, careful analyses and accurate data. After an optimization of the reaction conditions, we were able to recover high amount of aromatic compounds (up to 19%wt). Additionally, we demonstrated a relation between lignin's structure, i.e. the accessible phenol moieties and interunit linkages, and the yields of aromatic compounds; thus, showing the importance of the extraction process to optimize lignin's potential. This work provides valuable reference for developing further lignin depolymerization under basic media.

Introduction

Lignin valorization became a highly attractive area due to its potential for producing chemicals, fuels and bio-based materials, particularly with high content of aromatics [START_REF] Rinaldi | Paving the Way for Lignin Valorisation: Recent Advances in Bioengineering, Biorefining and Catalysis[END_REF][START_REF] Zhang | Catalytic Transformation of Lignocellulose into Chemicals and Fuel Products in Ionic Liquids[END_REF].

Actually, lignin is the most abundant aromatic bio-polymer and the second most abundant bioressource after cellulose, representing ca. 25% of the available biomass.

Lignin derived from the random polymerization of three main building blocks bearing phydroxyphenyl (H), guaiacyl (G) and syringyl (S) units through free radical coupling. It is mainly produced by paper industries (i.e.: Kraft, Sulfite or Soda processes) and biorefineries which produce, so-called Organosolv lignin. The content of the three main units and the type of associated inter-units bonds depends mainly on the variation of botanical origin, whereas the structure of the bio-polymer is mostly impacted by extraction methods [START_REF] Constant | New insights into the structure and composition of technical lignins: a comparative characterisation study[END_REF][START_REF] Deuss | From models to lignin: Transition metal catalysis for selective bond cleavage reactions[END_REF][START_REF] Rinaldi | Paving the Way for Lignin Valorisation: Recent Advances in Bioengineering, Biorefining and Catalysis[END_REF][START_REF] De Menezes | Alkaline Pretreatment Severity Leads to Different Lignin Applications in Sugar Cane Biorefineries[END_REF].

Therefore, developing efficient processes to produce aromatics from lignin remains a major challenge given their variable structures and compositions justifying the intensive researches in this area. They aim also at enhancing the economical balance of biorefineries by providing alternative valorization of lignin towards higher added-value products.

Several approaches including hydrolysis, solvolysis, thermal liquefaction, pyrolysis, hydrogenolysis/hydrogenation, HDO, oxidation and enzymatic depolymerisation, or even combinations of such methodologies, have been reported and were partly reviewed [START_REF] Zakzeski | The Catalytic Valorization of Lignin for the Production of Renewable Chemicals[END_REF][START_REF] Galkin | Lignin Valorization through Catalytic Lignocellulose Fractionation: A Fundamental Platform for the Future Biorefinery[END_REF][START_REF] Gillet | Lignin transformations for high value applications: towards targeted modifications using green chemistry[END_REF][START_REF] Sun | Bright Side of Lignin Depolymerization: Toward New Platform Chemicals[END_REF][START_REF] Zhang | Catalytic Lignin Depolymerization to Aromatic Chemicals[END_REF].

Among these methods, the oxidative depolymerization represents an interesting approach as it directly delivers carbonyl derivatives, for which valorizations either "as is" or through chemical modifications is possible. Vanillin, one of the main products of lignin oxidation, has a market that is highly developed. It can be used as a flavoring agent food, cosmetic industries or platform compounds for higher added value molecules and polymers applications [START_REF] Bjørsvik | Fine Chemicals from Lignosulfonates. 1. Synthesis of Vanillin by Oxidation of Lignosulfonates[END_REF][START_REF] Calvo-Flores | Lignin as Renewable Raw Material[END_REF][START_REF] Roberts | Towards Quantitative Catalytic Lignin Depolymerization[END_REF][START_REF] Fache | Vanillin Production from Lignin and Its Use as a Renewable Chemical[END_REF].

Borregaard developed a process to convert sulfite lignin to vanillin (8%wt) in basic media in the presence of copper catalysts [START_REF] Bjørsvik | Fine Chemicals from Lignosulfonates. 1. Synthesis of Vanillin by Oxidation of Lignosulfonates[END_REF][START_REF] Vidal | Vanillin[END_REF][START_REF] Rødsrud | History and future of world's most advanced biorefinery in operation[END_REF][START_REF] Pinto | Lignin as Source of Fine Chemicals: Vanillin and Syringaldehyde[END_REF][START_REF] Mcclelland | Supercritical methanol depolymerization and hydrodeoxygenation of lignin and biomass over reduced copper porous metal oxides[END_REF]. Nevertheless, various oxidants (O2, H2O2, O3, percarbonate…) [START_REF] Ma | Catalytic Oxidation of Biorefinery Lignin to Value-added Chemicals to Support Sustainable Biofuel Production[END_REF][START_REF] Cronin | Lignin Depolymerization to Dicarboxylic Acids with Sodium Percarbonate[END_REF][START_REF] Danby | Valorization of Grass Lignins: Swift and Selective Recovery of Pendant Aromatic Groups with Ozone[END_REF] with or without catalysts have been reported. As catalysts, both homogeneous and heterogeneous catalysts are involved [START_REF] Zakzeski | The Catalytic Valorization of Lignin for the Production of Renewable Chemicals[END_REF][START_REF] Xu | Lignin depolymerisation strategies: towards valuable chemicals and fuels[END_REF][START_REF] Schutyser | Chemicals from lignin: an interplay of lignocellulose fractionation, depolymerisation, and upgrading[END_REF].

Focusing on catalyst-free depolymerization of lignin in basic media, commonly, yields increased with increasing base concentration. Yields of vanillin between from 1%wt to 6.8%wt have been reported depending on the botanical origin of lignin; thus, showing that its nature play a main role in the process. Recently, Schutyser et al. managed to obtain 30%wt yields of aromatics (vanillin: 7%wt) using native lignin, i.e. poplar sawdust [START_REF] Schutyser | Revisiting alkaline aerobic lignin oxidation[END_REF]. According to studies of Tarabanko et al. [START_REF] Tarabanko | On the mechanism of vanillin formation in the catalytic oxidation of lignin with oxygen[END_REF][START_REF] Tarabanko | New Mechanism for the Catalytic Oxidation of Lignin to Vanillin[END_REF], a reaction mechanism based on studies using eugenol and vanillideneacetone as model compounds was proposed. Their work showed that depolymerization was probably initiated by the deprotonation of phenolic moieties followed by the formation of quinone intermediates and a retro-aldol step that can lead to either vanillin and acetovanillone. The retro-aldol step explains the need for a high basic medium to provide satisfying results. However, a deeper understanding of the mechanism might be key to increase the yields of aromatic compounds. Lignin, while complex, represents substrate of choice for such a global approach.

With such an idea in mind, we investigated lignin depolymerization under basic conditions via an oxidative route using oxygen of air as the oxidant for producing aromatics. To realize our goal, we used several complementary analytical techniques not only to gain insights into the mechanism but also to consider the valorization of the by-products. To be in the nearest conditions of paper industries (i.e. aqueous highly basic black liquors), we decided to use exclusively technical lignins and use water as the solvent avoiding addition of co-solvents. Therefore, we chose an approach that would limit any eventual adaptation of the processes already available.

Materials and experimental methods

General information

Elemental analyses of initial lignin were carried out by SCI-ISA. Carbon, hydrogen, nitrogen and sulfur content were determined by combustion of the samples and the measurement of CO2, H2O, N2 and SO2 released during the process by a thermal conductivity detector. For the oxygen content, lignins were treated by pyrolysis allowing the evolution of CO content by an IR detector.

TGA/DSC 1 thermogravimetric analyzer, from Mettler Toledo, was used to determine the water and ash content corresponding to the weight loss at 100 °C and 1000 °C respectively. The purity of each lignin was obtained by subtracting these two values from the material recovered. The samples were treated under air as carrier gas from 25 °C to 1000 °C with a heating rate of 5 °C/min. Lignin samples were characterized by FT-IR analyses using a Vector 22 from Bruker. Pellets were made from a blend of 2 mg of lignin with 400 mg of KBr pressed by a pressure of 2 tons.

The data was acquired with wavenumber ranging from 400 to 4000 cm -1 and a 0.96 cm -1 step.

NMR analyses were performed with a Bruker AVANCE III 400MHz spectrometer equipped with a BBFO probe (Z gradient). For 1 H NMR, 13 C and HSQC NMR, all chemical shifts were calibrated with the signals of DMSO-d 6 (δH = 39.7 ppm; δC = 39.7 ppm). For 1 H NMR analysis, lignin samples (c.a. 8 mg) were dissolved in a solution of DMSO-d 6 with tétrakis(triméthylsilyl)silane (0.04 mg/gsolution). Regarding 13 C and HSQC NMR analyses, the acquisitions were realized at 50 °C. 13 C experiments (11000 scans) were carried out with 50 mg of lignin samples in 500 mg of DMSO-d 6 and 0.1 mL of a solution of tetramethylthiourea (40 mg/gsolution -internal standard) and Fe(acac)3 (4 mg/gsolution -relaxing agent) in DMSO-d 6 . For HSQC NMR (hsqcedetgpsp.3; 48 scans), lignin samples (c.a. 50 mg) were dissolved in 600 mg of DMSO-d 6 . The characterization and quantification of hydroxyl groups in lignin were made using previously developed methods [27][START_REF] Granata | 2-Chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane, a Reagent for the Accurate Determination of the Uncondensed and Condensed Phenolic Moieties in Lignins[END_REF][START_REF] Popescu | Spectral Characterization of Eucalyptus Wood[END_REF]. For this analysis, 2-chloro-4,4,5,5-tetramethyl- GC-MS analyses were carried out with a Shimadzu GC-MS-QP2010S equipped with an AOC-20i+ autosampler and a Sulpelco SLB-5MS column (5% Phenyl -95 % dimethylpolysiloxane, 30m x 0.25mm x 0.25μm). The same parameters as the GC-FID were used.

Lignin

In this study, five different lignins were engaged: two softwood (Kraft and EOL-Ab) and three hardwood (P1000, FOL and EOL-As) lignins. The commercially available Protobind™ P1000 lignin was produced by ALM India. It was extracted from wheat straw by a soda process.

An Organosolv formic lignin (FOL) was produced from wheat straw by extraction using a mixture of formic acid and acetic acid following the CIMV-like process. The extraction processes applied for the other lignin is described below.

Kraft lignin[30]

The Kraft lignin was isolated from a Pinus pinaster black liquor generated by paper industry and was provided by FCBA.

The highly alkaline black liquor was neutralized with CO2 by bubbling to precipitate lignin.

After centrifugation, the recovered solid has a purity of 60 %wt (i.e. 40% wt of salts from the process). It was washed by dispersing it in a 2 %wt H2SO4 followed by centrifugation. After three purification cycles and drying, a purity of 95 %wt was achieved.

Ethanol Organosolv lignin

The two other Organosolv lignins were produced by ethanol extraction from Aspen (EOL-As) and Abies (EOL-Ab) woods following the original procedures described separately by Wildschut et al. and Quesada-Medina et al. [START_REF] Wildschut | Ethanol-based organosolv fractionation of wheat straw for the production of lignin and enzymatically digestible cellulose[END_REF][START_REF] Quesada-Medina | Organosolv extraction of lignin from hydrolyzed almond shells and application of the δ-value theory[END_REF] Air dry wood (moisture content 5.8 %wt) was milled to fraction < 0.5 mm. A suspension of 100 g of wood in 1000 ml of solvent (60 %wt of ethanol + 40 %wt of water) was loaded into a stainless steel cylindrical autoclave of 2000 ml capacity. The autoclave was closed and flushed with argon to remove air. The autoclave was heated at 190°C for Aspen wood and 200°C for Abies wood during 3 hours, and after that, it was cooled to 40°C. Then the products were filtered with isolation of the ''Organosolv liquor'' and the solid residue. The solid residue was extensively washed at room temperature with water and ethanol-water mixture (60 %wt of ethanol + 40 %wt of water). The filtrate (''Organosolv liquor'') and the washing solution were combined. Finally, the dissolved lignin was separated from the combined liquor by precipitation upon dilution with water at 4°C (3:1 v/v dilution ratio H2O:"Organosolv liquor") during 12 hours. After filtration with a Buchner funnel, the lignin was extensively washed with distilled water, dried at 50°C in a vacuum oven, and weighed to determine the yields of lignin extracted from each wood. EOL-As and EOL-Ab were recovered with yields of 10 %wt and 7 %wt respectively. Purity of these lignins reached 98%wt and 93%wt, respectively.

Lignin oxidative depolymerization

In a 300 mL batch reactor equipped with 260 mL air ballast, 150 mL of a solution of lignin and NaOH was inserted before the reactor is closed. In order to obtain an inert atmosphere, the reactor was pressurized and depressurized 3 times with Ar. Then, the system was heated to the desired temperature under 1500 rpm. Once the targeted temperature was attained, the reactor was pressurized with Air thus marking the depolymerization starting point. Pressure transmitters (Keller PR33 with a converter Keller K-104) allowed the recording of the pressure in the reactor as well as the oxygen consumption in the ballast. The depolymerization was stopped after a targeted amount of time by using an ice bath.

Fractionation protocol

Thereafter, the recovered reaction mixture was acidified by a 10% solution of HCl to reach a pH of 1 and precipitate appeared. The solid was separated by centrifugation for 10 min at 4000 rpm and washed twice with a 10% solution of HCl, thus leading to the recovery of the so-called "precipitate" fraction after drying. Then, DCM (100 mL x 3) was used to extract the aromatics from the supernatant ("DCM" fraction). The remaining aqueous phase was dried in vacuo.

Finally, THF was poured onto the resulting residue leading to the solubilization of lignin adducts ("THF" fraction) and the removal of salts by subsequent centrifugation.

The yields of the fraction recovered and aromatic yields were expressed as a function of the mass of lignin engaged:

𝑌𝑖𝑒𝑙𝑑 (% 𝑤𝑡 ) = 100 × 𝑚 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑚 𝐿𝑖𝑔𝑛𝑖𝑛 𝑒𝑛𝑔𝑎𝑔𝑒𝑑
Even though the precipitate is functionally and structurally different from the starting material (see below), lignin conversion was arbitrarily defined as follow:

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) = 100 -𝑦 𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑒

RESULTS AND DISCUSSION

Characterization of lignins

Five lignin, a Kraft lignin, a soda lignin and three Organosolv lignin were engaged in the study. The Kraft lignin was isolated from a Pinus Pinaster black liquor issued form paper industry by precipitation through CO2 bubbling before being washed by dilute H2SO4 aqueous solution and was provided by FCBA. The commercially available Protobind™ P1000 lignin was produced by ALM India. It was extracted from wheat straw by a soda process. An Organosolv formic lignin (FOL) was produced from wheat straw by extraction using a mixture of formic acid and acetic acid following the CIMV process, and the two other Organosolv lignins were produced by ethanol extraction from Aspen (EOL-As) and Abies (EOL-Ab) woods following the original procedures described separately by Wildschut et al. and Quesada-Medina et al. [START_REF] Quesada-Medina | Organosolv extraction of lignin from hydrolyzed almond shells and application of the δ-value theory[END_REF][START_REF] Wildschut | Ethanol-based organosolv fractionation of wheat straw for the production of lignin and enzymatically digestible cellulose[END_REF].

Elemental analyses

All lignins were characterized through analytical and complementary spectroscopic techniques before their use in oxidative depolymerization. TGA analysis demonstrated that all lignin exhibited desiccation level between 96-98%wt and ash content ranging from 0.5%wt to 6.1%wt, which is in good agreement with values generally reported (Figure S1).

Elemental analysis provided information on the elemental composition and allowed us to

propose an empirical formula expressed as C9-unit reflecting the original carbon skeleton of the three composing mono-lignols (Table S1). Except the Kraft lignin that contained some sulfur due to the original process, all lignins were "sulfur-free". S2). The band at 1515 cm -1 are generally considered as "pure" band characteristic of the aromatic skeleton in lignin biopolymer. For softwood lignins (i.e. Kraft and EOL-Ab), it generally has a higher intensity than the band at 1464 cm -1 , whereas this difference between these two bands is almost nonexistent for hardwood lignins (i.e. PEL, FOL and P1000). This feature allows us to distinguish the nature of each lignin; moreover, characteristic bands can also be observed for guaiacyl (1270 cm -1 ) and syringyl units (1118 cm - 1 ) to fully assess their origin. It is noteworthy to mention the bands at 1032 cm -1 (primary alcohols and esters) and 1700 cm -1 (non-conjugated carbonyl) can help us identify lignin modification.

FT-IR spectroscopy

Figure 1:

FT-IR spectra of initial lignins [START_REF] Faix | Classification of Lignins from Different Botanical Origins by FT-IR Spectroscopy[END_REF][START_REF] Faix | Fourier Transform Infrared Spectroscopy[END_REF][START_REF] Vázquez | FTIR, 1 H and 13 C NMR Characterization of Acetosolv-Solubilized Pine and Eucalyptus Lignins[END_REF][START_REF] Pandey | A study of chemical structure of soft and hardwood and wood polymers by FTIR spectroscopy[END_REF][START_REF] Popescu | Spectral Characterization of Eucalyptus Wood[END_REF].

NMR analyses

A more accurate characterization came from NMR studies[37-39] using 1 H, 13 C, 31 P and HSQC (including QQ-HSQC variant). Despite signal broadening due to lignin polymeric feature, 1 H NMR (see Figure S2) remains a powerful tool to deliver structural information with quantitative data (Table 1) [START_REF] Lundquist | Proton ( 1 H) NMR Spectroscopy[END_REF][START_REF] Lundquist | ¹H NMR spectral studies of lignins[END_REF]. Organosolv EOL-Ab, EOL-As and FOL lignins exhibited, as expected, higher concentration of aliphatic protons (i.e. ca 11-13.5 UH versus 8.5 UH) mainly due to their respective extraction process. Indeed, these delignification methods usually lead to the introduction of acetyl moieties in case of a CIMV-like process and hydroxyl or ether moieties for ethanol-based processes [START_REF] Hage | Effects of process severity on the chemical structure of Miscanthus ethanol organosolv lignin[END_REF][START_REF] Delmas | Functionality of wheat straw lignin extracted in organic acid media[END_REF]. Moreover, it was also supported by the slightly higher concentration of oxygenated aliphatic proton in all three Organosolv lignins. The omnipresence of methoxy group was highlighted by the high content of these specific protons.

Kraft, EOL-Ab and EOL-As lignin exhibited higher content of aromatic proton (i.e. ca 10.6-14.1 UH versus 7.9-8.9 UH) which can be attributed to their extraction from wood. Noticeably, 1 H NMR delivers, in a simple experiment, accurate data regarding H content and structural information since almost all hydrogen could be analyzed by this technique (except for P1000 lignin). C NMR is commonly used to characterize lignins [START_REF] Robert | Carbon-13 Nuclear Magnetic Resonance Spectrometry[END_REF][START_REF] Wen | Recent Advances in Characterization of Lignin Polymer by Solution-State Nuclear Magnetic Resonance (NMR) Methodology[END_REF][START_REF] Kanitskaya | Quantitative 13 C NMR spectroscopy. Chemical structure of kraft and nitrosated lignins[END_REF] as it allows observation of structural information like ether bonds or condensed aromatic moieties that cannot be observed in 1 H NMR. Despite the use of a relaxing agent, strong differences in relaxation times remained; therefore, quantitative data were not accurate and were used with caution (see Figure S3). This limitation is supported by the low correlation between quantitative 13 C NMR analyses and the data acquired from elemental analyses (see Table S3). Nevertheless, the results demonstrated that most of the carbon is present in lignin aromatic sub-units, as expected. Noticeably, FOL lignin showed high carboxylic acid content probably due to formic/acetic acid extraction process.

Accurate quantitative data regarding functional OH groups were gained from 31 P NMR after suitable phosphitylation derivatization described in the literature [27,[START_REF] Granata | 2-Chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane, a Reagent for the Accurate Determination of the Uncondensed and Condensed Phenolic Moieties in Lignins[END_REF][START_REF] Jiang | Correlation analysis of 31 P NMR chemical shifts with substituent effects of phenols[END_REF][START_REF] Crestini | Structural Analysis of Wheat Straw Lignin by Quantitative 31 P and 2D NMR Spectroscopy. The Occurrence of Ester Bonds and α-O-4 Substructures[END_REF][START_REF] Pu | Application of quantitative 31 P NMR in biomass lignin and biofuel precursors characterization[END_REF] (see Figure S4).

Through this technique, we are able to gather information on lignin structure, namely aromatic units (guaiacyl, p-hydroxyphenyl, syringyl and condensed units), aliphatic and carboxylic acid moieties (Table 2). Organosolv EOL-Ab and EOL-As lignins exhibited higher aliphatic OH content than the other lignins (i.e. 2.5-2.9 UO versus 1.4-1.8 UO) as expected from their extraction process.

Annual plants lignins (FOL and P1000) showed higher concentrations of carboxylic acid (i.e. 0.5-0.9 UO versus ≈ 0.2 UO) and p-hydroxyphenyl unit (i.e. 0.3-0.5 UO versus ≈ 0.1 UO). Along with EOL-As, they displayed a high intensity peak at 142.7 ppm corresponding to OH syringyl units consistent with their botanical origins. However, among those lignins, P1000 presented a higher concentration of condensed units highlighting the propensity of soda processes to undergo condensation reactions. EOL-Ab and Kraft also exhibited high content of condensed units with the latter showing a higher content due to its harsher extraction process. Expectedly, both softwood lignins exhibited higher concentration of guaiacyl units (i.e. 1.6-2.0 UO versus 0.7-0.9 UO). Additionally, ca 30%wt of the total oxygen can be quantified by the 31 Further structural characterization was obtained from HSQC NMR spectra involving INEPT sequence [START_REF] John | NMR of Lignins[END_REF][START_REF] Yuan | Characterization of Lignin Structures and Lignin-Carbohydrate Complex (LCC) Linkages by Quantitative 13C and 2D HSQC NMR Spectroscopy[END_REF][START_REF] Del Río | Structural Characterization of Wheat Straw Lignin as Revealed by Analytical Pyrolysis, 2D-NMR, and Reductive Cleavage Methods[END_REF][START_REF] Sette | Quantitative HSQC Analyses of Lignin: A Practical Comparison[END_REF][START_REF] Wen | Recent Advances in Characterization of Lignin Polymer by Solution-State Nuclear Magnetic Resonance (NMR) Methodology[END_REF][START_REF] Zeng | Quantification of Wheat Straw Lignin Structure by Comprehensive NMR Analysis[END_REF]. Signal identification and characterization was made on the basis of previously described literature [START_REF] Del Río | Structural Characterization of the Lignin from Jute (Corchorus capsularis) Fibers[END_REF][START_REF] Zhang | Isolation of Cellulolytic Enzyme Lignin from Wood Preswollen/Dissolved in Dimethyl Sulfoxide/N-Methylimidazole[END_REF][START_REF] Sette | Elucidation of Lignin Structure by Quantitative 2D NMR[END_REF][START_REF] Del Río | Structural Characterization of Wheat Straw Lignin as Revealed by Analytical Pyrolysis, 2D-NMR, and Reductive Cleavage Methods[END_REF][START_REF] Wen | Recent Advances in Characterization of Lignin Polymer by Solution-State Nuclear Magnetic Resonance (NMR) Methodology[END_REF][START_REF] Zeng | Quantification of Wheat Straw Lignin Structure by Comprehensive NMR Analysis[END_REF][START_REF] Huang | Catalytic Depolymerization of Lignin in Supercritical Ethanol[END_REF][START_REF] Wen | Structural Elucidation of Lignin Polymers of Eucalyptus Chips during Organosolv Pretreatment and Extended Delignification[END_REF][START_REF] You | Structural Elucidation of the Lignins from Stems and Foliage of Arundo donax Linn[END_REF]. Three regions can be identifed, from which only the oxygenated aliphatic and aromatic regions will be discussed (Figure 2, i.e. Kraft -see Figure S6 for HSQC spectra of other lignins). [START_REF] Delmas | Vegetal Refining and Agrochemistry[END_REF][START_REF] Delmas | Functionality of wheat straw lignin extracted in organic acid media[END_REF]. However, P1000 lignin seems to be strongly affected by the Soda process according to the semi-quantitative data.
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Cinnamic alcohol

In the aromatic region, correlations corresponding to the guaiacyl units (G2 -H/C: 6.57/106.28 ppm). Semi-quantitative H/G/S units composition, obtained by applying the volume integration, were similar to those generally obtained in the literature [START_REF] Wen | Recent Advances in Characterization of Lignin Polymer by Solution-State Nuclear Magnetic Resonance (NMR) Methodology[END_REF][START_REF] Hatfield | Lignin Formation in Plants. The Dilemma of Linkage Specificity[END_REF] (Table 3).

Noticeably, signals related to ferulates (FA), coumarylates (p-CA), cinnamaldehydes (F) and unsaturated sub-structures were identified in each lignin structure.

To summarize, lignins were fully characterized by complementary techniques producing results in accordance with their botanical origins and extraction processes. The information gathered will help us investigate lignin depolymerization through oxidative conditions. [START_REF] Wen | Recent Advances in Characterization of Lignin Polymer by Solution-State Nuclear Magnetic Resonance (NMR) Methodology[END_REF] (see Supporting Information); b) Calculated by applying the volume integration [START_REF] Hatfield | Lignin Formation in Plants. The Dilemma of Linkage Specificity[END_REF].

Studies on lignin depolymerization under oxidative atmosphere

Designing the experimental protocol

The complexity of the reaction mixture obtained after a depolymerization experiment (see experimental) encouraged us to design a protocol allowing for a careful evaluation of the transformations that occurred during the reaction. The main concern was the optimization of the fractionation procedure to ensure reproducible results before a careful analysis of the different reactions products. While developing the fractionation procedure described in Figure 4, we found that replacing sulphuric acid by hydrochloric acid to acidify the reaction mixture allowed for better removal of salts and avoided subsequent pollution of the product. Thus, three fractions were obtained with very distinct spectroscopic characteristics (Figure S7). Although extensively modified, the precipitate exhibited spectroscopic features close to those observed for lignin-type structures, i.e. high molecular weight macromolecules. The THF fraction showed signals corresponding to low molecular weight aliphatic compounds. GC-MS analysis revealed the presence of succinic, fumaric and maleic acids in low ratio stemming from the over-oxidation of aromatic compounds. Further attempts to characterize this complex mixture by HPLC-MS failed to date. The DCM fraction displayed the presence of low molecular weight aromatic compounds, ranging from mono-to oligomeric (Figure S10). GC-MS analysis allowed for the identification of several aromatic molecules that could easily be quantify (vanillin, syringaldehyde, acetovanillone, acetosyringone, vanillic acid and syringic acid). With such fractionation protocol, the mass balance was generally between 85%wt and 99%wt depending on the relative severity of the conditions applied.

Influence of the reaction conditions on lignin conversion

Several reaction conditions (base concentration, temperature, pressure) were evaluated using Kraft lignin with an emphasis on the optimization of aromatic yields. In accordance with previous reports, the presence of a base plays a crucial role on lignin depolymerisation. Under neutral or acidic pH, lignin conversions (i.e; < 5%) were low, whilst they were greatly improved under basic conditions (Figure S11). This was corroborated by monitoring O2 consumption over time, which showed that oxidation, only occurred under basic pH (Figure S12). Furthermore, the conversion and aromatic yields depended strongly on the base concentration. Indeed, high concentration of base was necessary to maintain basic conditions as low concentration lead to a drop of pH and lower conversion and aromatic yields (Figure S11). This observation was consistent with the mechanism proposed by Tarabanko et al. and thus the consumption of hydroxide over time.

The reaction temperature and air pressure also play a major role in lignin depolymerization.

Increasing temperature from 50°C to 150°C resulted in an increase of lignin conversion from 19% to 89%. However, a 9%wt mass-loss was observed at 150°C which can be attributed to the degradation of lignin adducts into volatile compounds. At the same time, yields of vanillin increased from 0.6%wt at 50°C to 2.2%wt at 150°C. While lignin conversion was limited to 43% at 10 bar, it reached 80% at 20 bar and 89% at 40 bar. Noticeably, yield of vanillin increased to 2.8%wt at 20 bar before decreasing to 2.2%wt at 40 bar; thus, demonstrating that a too high air pressure lead to higher degradation rates.

In summary, this parametric study allowed us to select the reaction conditions to perform lignin depolymerization under oxidative atmosphere: T: 150°C, Pair: 20 bar, 1h, Clignin: 5g/L, CNaOH: 10g/L. 

Depolymerization of various lignins

The five lignins, previously characterized, were engaged in the depolymerization study under the conditions selected and described above. Kraft and EOL-Ab lignins displayed conversions of 56% and 44%, while EOL-As, P1000 and FOL lignins exhibited higher conversion rates with 85%, 79% and 81% respectively (Figure 7). Kraft and EOL-Ab lignins (i.e. 1.1%wt and 1.8%wt, resp.); whereas, ca. 0.3%wt were observed for the other lignins. These results could also be attributed to the higher resistance of guaiacyltype aromatic. In light of these findings, we studied the evolution of the reaction products over time of these three lignins to gain further insights into their oxidative depolymerization. We conducted several experiments for a given reaction time between ½ h to 5 h, with t = 0 h corresponding to the moment when the desired temperature was reached and air introduced into the reactor.
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(Figure 9). As expected from our previous results, the difference of reactivity between softwood and hardwood lignins was displayed by the evolution of each fraction over time. Data showed increasing of mass-loss over time with EOL-As lignin exhibiting the highest mass-loss after 5 hours of reaction (i.e. 40%wt against ca. 20%wt for Kraft and EOL-Ab lignins). The amount of precipitate decreased rapidly for the first 30 minutes of reaction to reach 4%wt after 5 hours.

Meanwhile, it decreased more gradually for both softwood lignins over an hour to stabilize at ca. 11%wt. In the same manner, the THF fraction increased rapidly within 30 minutes for EOL-Ab to reach 56%wt before remaining relatively stable, while an hour was necessary, for both softwood lignins (ca. 60%wt), to attain their maximums. However, the DCM fraction increased during the first 30 minutes to reach 13-19%wt before decreasing, due to the over-oxidation of aromatic compounds. showed that aromatic acids were not produced from oxidation of aldehydes adducts, which is consistent with our findings (Figure S13). These experiments also confirmed the formation of linear unsaturated diacids through over-oxidation reactions. We were able to obtain further information on lignin depolymerization through analysis of the precipitate fractions recovered over time. Primarily, we assessed the effect of heating over each lignin samples. Although IR spectroscopic data did not show any change, 31 Differences in reactivity for the inter-units were observed depending on the nature of lignin.

For EOL-As lignin, correlations corresponding to - that the concentration of inter-units remained relatively stable until their correlations disappeared for each lignins (Figure S18). Noticeably, these analyses did not display any selectivity regarding the disappearance of these inter-units bonds, despite the differences mentioned.

The quantification of hydroxyl groups in the precipitate fractions was used to gather additional information (Figure 12). The aliphatic OH content was also reduced over time; however, unlike the other OH group, lignin's nature did not seem to have any influence (ca. -0.5 UO). This was also displayed by FTIR spectroscopy (decrease of the band at 1030 cm -1 attributed to primary alcohols). Remarkably, carboxylic OH concentration increased rapidly and continued to rise over time (ca. +2.1 UO) which seems to be consistent with the formation of conjugated acids observed with HSQC NMR. Interestingly, the hydroxyl concentration characteristic of the aromatic units had the same behavior as the precipitate content in the reaction mixture for each lignin. Indeed, a sharp decrease of these OH groups concentrations occurred within 15 min (i.e. OHG: -0.5 UO; OHS+condensed: -1.7 UO) for EOL-As lignin; while, the same phenomenon took an hour to develop for both softwood lignins (Kraft/EOL-Ab: -1.2/-1.4 UO for OHG; -1.2/-0.7 UO for OHS+condensed). Afterwards, they declined slowly or remained relatively stable for the remainder of the reaction for each lignins. Consequently, these results demonstrated a direct correlation between the amount of precipitate, i.e. the depolymerization kinetics, and the concentration of accessible phenolic groups. Therefore, the data gathered seem to be in agreement with the reports of Tarabanko et al. and Wallick et al. [START_REF] Wallick | Effect of pH on the autoxidation kinetics of vanillin[END_REF][START_REF] Tarabanko | On the mechanism of vanillin formation in the catalytic oxidation of lignin with oxygen[END_REF][START_REF] Tarabanko | New Mechanism for the Catalytic Oxidation of Lignin to Vanillin[END_REF]. Thus, lignin depolymerization appear to arise from the deprotonation of accessible phenolic groups before producing low molecular weight aromatic such as vanillin. This contrasts with some reports in the literature that proposed first the cleavage of some inter-units bonds to depolymerize lignins to lower oligomers before transforming further the biomass to monomeric compounds. Interestingly, the oxidative depolymerization is able to easily breakdown C-C bonds, which are known to be strong and rather difficult to break by other depolymerization processes [START_REF] Vangeel | Perspective on Lignin Oxidation: Advances, Challenges, and Future Directions[END_REF].

The experiments also highlighted a relation between lignin structure and the production of aromatic compounds by oxidative depolymerization. Data showed that the highest yields of aromatic compounds were achieved at short reaction times with Kraft (13%wt), EOL-Ab (18%wt) and EOL-As (19%wt) lignins, which have the highest concentration of inter-units linkages. Therefore, the choice of the extraction process seems to be very important to maximize the production of aromatic compounds considering the low yields observed for P1000 and FOL lignins due to their extensive damages. This is supported by Wang et al.

showing the importance of -O-4 linkages in that regard and the high yields recovered by Schutyser et al. using native lignin [START_REF] Wang | Production of vanillin from lignin: The relationship between β-O-4 linkages and vanillin yield[END_REF][START_REF] Schutyser | Revisiting alkaline aerobic lignin oxidation[END_REF].

Nevertheless, the occurrence of over-oxidation reactions prevents us to exploit completely lignin's potential for the production of aromatic compounds as attested by the formation of volatile compounds. The application of methodologies capable of protecting the targeted compounds like those used for biomass fragmentation or lignin acidolysis could be interesting to apply [START_REF] Renders | Lignin-first biomass fractionation: the advent of active stabilisation strategies[END_REF][START_REF] Schutyser | Chemicals from lignin: an interplay of lignocellulose fractionation, depolymerisation, and upgrading[END_REF][START_REF] Deuss | Aromatic Monomers by in Situ Conversion of Reactive Intermediates in the Acid-Catalyzed Depolymerization of Lignin[END_REF][START_REF] Rahimi | Formic-acid-induced depolymerization of oxidized lignin to aromatics[END_REF][START_REF] Shuai | Formaldehyde stabilization facilitates lignin monomer production during biomass depolymerization[END_REF]. However, this approach might prove to be challenging to implement in light of the harsh conditions use, which are highlighted by the rapid cleavage of C-C bond in our conditions.

Conclusions

In this contribution, we evaluated the depolymerization of technical lignins varying by their botanical origins (i.e.: Softwoods, Hardwoods, annual plants) and their extraction processes (i.e.: Kraft, Soda, Organosolv) under oxidative conditions. The development of a fractionation protocol allowed for the recovery of three structurally distinct fractions: a highly modified biopolymer, a low molecular weight aliphatic fraction and a high added-value aromatic fraction (9-19%wt). Optimization of lignin depolymerization illustrated the role played by the base and O2 on the oxidative process of the biopolymer as well as the subsequent degradation of lignin adducts also observed in the litterature.

The relation between lignin's structure and production of aromatic compounds was highlighted by screening various technical lignins. Our results demonstrated a direct correlation between the depolymerization rate and the phenolic moieites, which is in agreement with the mechanism proposed by Tarabanko's group. Furthermore, we also showed that the highest yields in aromatics were obtained by lignin containing the highest concentrations of inter-units linkages (Kraft, EOL-Ab and EOL-As). Even though lignin's botanical nature has an effect on the products recovered, the choice of its extraction process might be more important to preserve its structure and maximize the production of aromatic compounds. Nonetheless, the over-oxidation reaction prevents us to fully benefit from lignin's potential, which is particularly true of syringyl-containing lignins given their high sensitivity towards oxidation.

The data obtained during this work provides benchmarks for developing further these procedures. A deeper understanding of the oxidative depolymerization mechanism and the nonidentified compounds (DCM -THF fraction) could lead to a better control over the reaction (i.e. increase of the aromatic yields) as well as the discovery of new valorization approaches for lignin adducts.
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 32 dioxaphospholane (TMDP) is used as a phosphytilation agent to quantify the different OH groups (phenol, aliphatic, carboxylic). Samples were accurately weighted (c.a. 30 mg) and solubilized in 0.5 mL of a solution of cyclohexanol (3.95 mg/gsolution -internal standard) in pyridine and DMF (v/v: 1/1). Once dissolved, 200 mg of CDCl3 were added before introducing 100 mg of TMDP. The product of the reaction of TMDP with water (δ = 132.2 ppm) was used to calibrate the chemical shifts. GC-FID analyses were performed on a Shimadzu GC-2010 chromatograph equipped with a FID detector, an AOC-20i+ autosampler and a Phenomenex Zebron ZB-5HT column (crosslinked of 5 % Phenyl -95 % dimethylpolysiloxane, 30 m x 0.25 mm x 0.25 μm). Helium was used as carrier gas with the following program: 60 °C for 2 Min / Heat up to 150 °C (rate 30 °C/min) / Heat up to 200 °C (rate 2 °C/min) / Heat up to 300 °C (rate 10 °C/min) / 300 °C for 2 Min).

FurtherFigure 1 .

 1 Figure 1. Among the bands observed, a few are characteristic of lignin structure and can be

  P NMR, except for FOL lignin (19%wt) which is consistent with the formation of ester bonds during the extraction process discussed earlier.

Figure 2 :

 2 Figure 2: Typical HSQC NMR spectrum of EOL-As lignin with key structural identification.

  The oxygenated aliphatic region is very informative regarding lignin structure and its potential modifications due to either extraction processes or chemical conversions. The presence of residual carbohydrates in all lignin samples was identified (H/C: 2.87-3.87/65.7-84.5 ppm) with a lower content for Organosolv lignins. The abundance of methoxy groups (H/C: 3.77/56.3 ppm) was also observed on each HSQC spectra. Most importantly, several types of inter-unit bonds were observed: -O-4 (A), - (B) and -5 (C). As expected, the most abundant inter-unit bond is the -O-4 (A/A'/A'') for all lignins (
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 15 110.54 ppm, G5 -H/C: 6.78/116.2 ppm, G6 -H/C: 6.97/120.1 ppm) and the p-hydroxyl units H (H2,6 -H/C: 7.1/129 ppm) were observed in every samples. Additionally, hardwood and annual plants lignins (EOL-As, FOL and P1000) displayed the correlated signals of to syringyl units (S2,6 -H/C: 6.85/104.7 ppm) and Cα-oxidized syringyl units (S'2,6 -H/C:

  Additionally, we observed the use of dichloromethane (DCM) allowed for selective extraction of the aromatic compounds from the aqueous phase, whilst extraction with diethyl ether or ethyl acetate lead to the withdrawal of additional products (Figure S8-S9).

Figure 4 :

 4 Figure 4: Schematic representation of fractionation protocol used for treating the reaction

Figure 6 :

 6 Figure 6: Influence of air pressure and temperature on Kraft lignin conversion and yields of

  Softwood lignins demonstrated that they were less reactive under our reaction conditions than hardwood (i.e. EOL-As) or annual plants (i.e. P1000 and FOL) lignins probably due to the presence of condensed units, from their respective extraction processes, and condensation side reactions occurring during the oxidative treatment at the 5-position of guaiacyl units.Additionally, EOL-As, P1000 and FOL high reactivity towards oxidation were highlighted by their high ratio of THF fraction (i.e. 51-56%wt versus 29-39%wt for Kraft and EOL-Ab lignins) and high mass-loss observed due to extensive degradation of the reaction adducts into gaseous products (10%wt, 19%wt and 21%wt resp.). Indeed, syringyl units are known to be very sensitive to oxidation. In all cases, the DCM fraction represented a minor portion of the products, ranging from 9%wt to 19%wt. Noticeably, P1000 and FOL lignins displayed the lowest yields.

Figure 7 :

 7 Figure 7: Influence of the nature of lignins in their conversion.

Figure 8 :

 8 Figure 8: Yields of the main aromatic compounds contained in DCM fraction after treatment of various lignins under air. a) inlc. 2.8% syringaldehyde and 1.5% vanillin. b) inlc. 0.8% syringaldehyde and 1.1% vanillin. c) inlc. 0.4% syringaldehyde and 1.0% vanillin.

Figure 9 :

 9 Figure 9: Evolution of the three product fractions (i.e. precipitate, DCM and THF) versus time for Kraft (a), EOL-Ab (b) and EOL-As (c) lignins.

Figure 10 :

 10 Figure 10: Evolution of the yields of the main aromatic compounds in DCM fraction versus time for Kraft (a), EOL-Ab (b) and EOL-As (c) lignins. Aldehydes, ketones and acids equal to vanillin, acetovanillone and vanillic acid resp. for softwood lignins.Similarly, the yields of aromatic compounds increased rapidly to reach their highest value

  P NMR analysis exhibited a loss of OHaliphatic consistent with the degradation of carbohydrates, cinnamic alcohol (D) and cinnamaldehyde (F) sub-structures observed by HSQC NMR. Furthermore, we could also detect the disappearance of ferulates (FA) and coumarylates (p-CA) sub-structures. Finally, semi-quantitative analysis demonstrated that concentration of -O-4 (A) and -5 (C) inter-units decreased significantly (FigureS18).Analysis of the precipitate fractions by HSQC NMR enabled us to observe the evolution of their sub-structures over time which showed the rapidity of the reaction (Figure11). After 15 min of reaction, correlations attributed to H units (H2,6: H/C -7.09/129.2 ppm) disappeared due to its low content in each lignin and high sensitivity to oxidation. The presence of Cαoxidized aromatic units could also be observed (G'2: H/C -7.09/129.2 ppm; S'2: H/C -7.09/129.2 ppm) attesting to oxidation of the biopolymer. Meanwhile, the signals characteristic of guaiacyl G and syringyl S units declined over time; thus, showing their depletion in the structure of the precipitate. These observations were confirmed by FTIR spectroscopy which displayed the increase the band characteristic of carbonyl functions at 1700 cm -1 and the decrease of aromatic signals at 1515 cm -1 (FigureS14). Noticeably, correlations characteristic of conjugated acids (H: 6.82 -7.64 ppm/C: 122.7 -129.5 ppm), probably due to degradation of aromatic rings, appeared rapidly. Therefore, we can speculate that, upon further reaction, these structures are cleaved from the precipitate's structure and are recovered into the THF fractions. This could explain the high ratio observed throughout this work.

Figure 11 :

 11 Figure 11: HSQC NMR spectra of EOL-As lignin (Aromatic region) versus time (see

Figure 12 :

 12 Figure 12: Data issued from 31 P NMR spectra for Kraft, EOL-Ab and EOL-As lignins

  

Table 1 :

 1 Quantitative data from 1 H NMR for initial lignin in UH a)

		Chemical shift (ppm)	Kraft	EOL-Ab	EOL-As	P1000	FOL
	Haliphatic	0.5 -2.3	8.5	13.2	11.0	8.5	13.4
	H oxygenated aliphatic (incl. OCH3)	2.8 -5	23.9	27.9	36.5	21.1	27.5
	H insaturated aliphatic	5.1 -5.8	4.2	4.0	4.5	1.6	5.0
	Haromatic	6.1 -7.6	14.1	13.3	10.6	7.9	8.9
	OHphenolic	8.0 -9.2	3.1	2.5	2.1	1.8	1.7
	CHO	9.3 -9.9	0.2	0.5	0.4	0.3	0.4
	COOH	10.9 -13.6	0.3	0.5	0.4	1.0	1.0
	H						

content (%wt) H content (%wt) b

  

		5.5	6.2	6.6	4.2	5.8
		5.3	6.4	6.5	5.6	5.7
	%wt of H analyzed	103	98	102	76	102
	a) UH: mmol H/glignin, b) From elemental analysis				
	13					

Table 2 :

 2 Quantitative data from31 P NMR for initial lignin in UO a)

		Chemical shift					
		(ppm)	Kraft	EOL-Ab	EOL-As	P1000	FOL
	OHaliphatic	149.1 -145.6	1.8	2.5	2.9	1.4	1.5
	OHsyringyl + condensed units	144.3 -140.2	1.4	0.9	1.6	2.1	0.8
	OHguaiacyl	140.2 -138.7	1.6	2.0	0.7	0.9	0.7
	OHp-hydroxyphenyl	138.6 -136.9	0.2	0.1	0.0	0.5	0.3
	OHcarboxylic acids	135.6 -134.0	0.3	0.2	0.1	0.9	0.5
	O content (%wt)	8.5	9.0	8.6	9.4	6.1
	O content (%wt) b)	29.1	26.1	30.0	29.5	31.9
	%wt of O analyzed	29	34	29	32	19
	a) UO: mmol O/glignin; b) from Elemental analysis					

Table 3 )

 3 . Interestingly, it was possible to observe the presence of -O-4 sub-structure linked to guaiacyl units (Aβ-G/H -H/C:

4.31/84.5 ppm) and syringyl units (Aβ-S -H/C: 4.15/86.6 ppm). HSQC analysis also confirmed that FOL lignin was extensively modified during its extraction process since only few interunit bonds were observed

Table 3 :

 3 Semi-quantitative data from HSQC NMR for initial lignins a) Expressed per 100 aromatic units. Calculated with the procedure reported by R.-C. Sun et al.

		Kraft	EOL-Ab	EOL-As	P1000	FOL
	-O-4 a)	7.6	10.5	26.0	3.5	11.8
	- a)	3.9	3.0	9.5	1.6	1.7
	-5 a)	2.6	8.3	2.6	0.4	5.6
	H/G/S composition b)	88/0/12	96/0/4	63/35/2	53/34/13	65/21/14
	a)					
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