Efficient depolymerization and deoxygenation of lignins using Mg-Ni-Mo/activated charcoal catalyst in supercritical ethanol


ABSTRACT
Depolymerization and deoxygenation of kraft, sulfuric acid, and organosolv lignins, as mechanisms to yield bio-oil, were demonstrated using the Mg-Ni-Mo/activated charcoal (AC) catalyst in supercritical ethanol. Supercritical ethanol was used as both the solvent media for depolymerization and the hydrogen source for deoxygenation without additional hydrogen supply. The Ccharacteristics of three differently produced lignins including   elemental composition, higher heating value (HHV), molecular weight, Fourier-transform infrared spectroscopy (FTIR), and nuclear magnetic resonance (NMR) analyses, were performeddetermined. The bio-oil yields from kraft, sulfuric acid, and organosolv lignins under an ethanol-to-lignin ratio of 90:10 (w/w), 4 wt% Mg-Ni-Mo/AC catalyst, and 1h reaction time at 350˚C and 10 bar N2 pressure were 73.8, 75.4, and 73.0 wt%, respectively. The solid-residue yields were 19.1, 15.1, and 21.1 wt%, respectively. ByUsing the Mg-Ni-Mo/AC catalyst with supercritical ethanol, liquefaction of lignin was effectively performed, and the solid-residue yields also decreased compared towith those without catalyst. The higher heating values (HHVs) increased when the supercritical ethanol reaction was applied than inrelative to the raw lignins, and increased further with increasing time and catalyst use. TheFrom the kraft lignin, a bio-oil yield of 83.0 wt% and thean HHV of 35.44 MJ/kg from kraft lignin were obtained at 350˚C and 10 bar N2 pressure for 3h reaction time under a 90:10 (w/w) ethanol-to-lignin ratio and 4 wt% catalyst.	Comment by JH: *Here and throughout, I inserted 2 hyphens to match the title and elsewhere. Note too that the hyphenated version is much more common online than the unhyphenated version.	Comment by JH: Identified, just for overall consistency (feel free to remove any such long forms if you feel they are unnecessary)	Comment by JH: Hyphens added for all “ratio” cases
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1. INTRODUCTION
Due to issues such as the depletion of fossil fuels depletion, global warming, and environmental pollution, interest in renewable energy has increased. Biomass is a sustainable energy source that reduces carbon dioxide emissions by absorbing carbon dioxide for photosynthesis [1-2]. Since lignocellulosic biomass is the most abundant non-edible biomass in the world, the production of biocrude oil through the fast pyrolysis of the entire biomass is one of the possiblea feasible and effective processes [3-7]. The main components of lignocelluosic biomass are carbohydrate polymers (hemicellulose and cellulose) and lignin, an aromatic polymer (lignin) [8]. However, lignin, a byproduct of the pulping and cellulosic ethanol industries, can also be used as a single-component feedstock for biofuel production as a single component. The majority of tThe most common available lignin is the kraft lignin, produced in pulp mills. This lignin (asfrom the black liquor, which is rich in lignin) is actually burnt in the recovery boiler of the pulp mills to produce steam and power and to recover pulping chemicals [9]. Some pilot plants, meanwhile, have used lignocellulosic biomass to produce bioethanol through sulfuric acid hydrolysis and microbial fermentation. In this process, a large amount of residual lignin, termed sulfuric acid lignin, is generated as a byproduct [10]. Since sulfuric acid lignin is obtained as a byproduct after pretreatment with strong chemicals under harsh conditions to separate the desired cellulose and hemicellulose, the cleavage of weak C-O bonds and the formation of strong C-C bonds occur in the lignin structure [11]. Instead of these, organosolv lignin can be produced under mild conditions using organic solvents including alcohols, ketones, and glycols. Because it is obtained withby a less aggressive process, organosolv lignin differs from other lignins provided by conventional chemical methods. Structurally, it contains more phenol hydroxyls and carbonyl groups [12]. Lignin with a relatively high β-O-4 content can be produced through organic solvent extraction [13].	Comment by JH: *OR: “these processes”
To produce bio-oil for use as transportation fuel (especially marine fuel) from lignin, various thermochemical processes such as pyrolysis, liquefaction, hydrolysis, and hydrogenolysis have been explored for the efficient depolymerization of lignin [14-19]. Among them, pyrolysis is a simple and economical process; for the depolymerization of lignin. Hhowever, the pyrolytic degradation of lignin involves a free-radical reaction pathway such that the product distribution is uncontrollable, forming a large amount of solid char by random repolymerizaition of the radical [8]. An attractive alternative method for high-yield bio-oil production So instead of this, is the reductive depolymerization of lignin in supercritical ethanol is attractive method for high-yield bio-oil production. In this process, ethanol plays athe role of a solvent for lignin solubilization and has the abilitycapacity to donate hydrogen [19]. To produce high quality bio-oil from lignin, it is necessary to use a heterogeneous catalyst that promotes both hydrodeoxygenation catalysis as well asand hydrogen generation from supercritical ethanol. In particular, Ni-based catalysts have showned high activity in the hydrogdeoxygenation of model compounds and bio-oils [20-23]. As for Ccatalyst supports, those with mesopores are desirable, because ofowing to the presence of high concentrations of high-molecular-weight compounds in lignin and bio-oil. Activated charcoal (AC) is a particularly attractive catalyst support, due to its high surface area, easy-to-design pore structure and low cost [24-25].	Comment by JH: **Note the change here and on page 12. (The references 22 and 23 confirmed that it should be “d,” not “g.”
In the presentce study, liquid bio-oil was produced from three types of lignins throughvia supercritical ethanol reaction using an Mg-Ni-Mo/activated charcoal (AC) catalyst without external hydrogen supply. The characteristics of the three lignins produced by different methods and the producedyielded bio-oils were compared. Conditions for enhanced lignin depolymerization and deoxygenation efficiency were established toand, thereby, increased bio-oil yield, decreasereduced oxygen content, and increased higher heating value (HHV) by enhancing the efficiency of lignin depolymerization and deoxygenationwere established. 

2. EXPERIMENTAL METHODS
2.1 Materials
Kraft lignin recovered from black liquor used in the pulping process was provided by Moorim P&P (Korea). Organosolv lignin extracted using ethanol from Miscanthus using ethanol was provided by SugarEn (Korea). Sulfuric acid lignin, the residueal lignin afterleft by sulfuric acid hydrolysis of lignocellulosic biomass for biobuthanol production, was provided by GS Caltex (Korea). Ethanol (99.9%) for use as a supercritical solvent, and acetone (99.7%) for use as a washing solvent, waswere supplied by OCI. Nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O, 99.999%), ammonium molybdate tetrahydrate ((NH4)6Mo7O24·5H2O, 81.0-83.0%), and magnesium nitrate hexahydrate (Mg(NO3)2·6H2O, 99%) were purchased from Sigma-Aldrich. Activated charcoal also was supplied by Sigma-Aldrich. The Aactivated charcoal was washed several times with distilled water to remove contaminants, dried, and sieved to particle diameters between 0.50 and 0.85 mm.	Comment by JH: *Note that there is inconsistency in providing the country of origin of companies here [x3] but not providing it hereafter (e.g. OCI, Sigma-Aldrich, etc).

2.2 Preparation and characterization of catalyst
Activated charcoal (AC)-supported catalyst was prepared by an incipient wetness impregnation method, 25 wt% Ni, 10 wt% Mo, and 2 wt% Mg having been impregnated oninto AC in consecutive order. The AC-supported catalyst was dried at 100˚C for 12 h, calcined at 500˚C for 3 h in an N2 flow of 100 cm3/min, and reduced at 400˚C for 8 h in an H2 flow of 100 cm3/min. 
Powder X-ray diffraction (XRD) analysis was performed to clarify the catalyst’s crystalline phase formation of catalyst on a DMAX-2500 spectrometer (Rigaku), equipped with a monochromator using Cu-Kα (λ=0.1542 nm) at 40 kV and 200 mA. The analysis was conducted between 10 toand 90˚ within a 2 ranges withat a scanning rate of 5˚/min. The catalyst’s BET (Brunauer–Emmett–Teller) specific surface area and porosity of catalyst were determined by N2 adsorption–desorption at -196˚C in ASAP 2420 (Micromeritics). The field-emission scanning electron microscope (FESEM, Hitachi SU8230) equipped with an energy-dispersive spectroscopy detector (EDS) detector was used to investigate the elemental composition of the material.	Comment by JH: OR: “X-ray spectroscopy”

2.3 Supercritical reaction procedure
An autoclave reactor of 200 mL capacity was used for the reactions. The reactor was heated with an electric heating system, and the temperature was measured with a thermocouple. A total amount of 100g of lignin/ethanol mixture was fed into the reactor. The ratios of ethanol to lignin were 90:10, 85:15, and 80:20 (w/w), respectively. The reaction was performed at 300, 325, and 350˚C under an initial nitrogen gas pressure of 10 bar, the mixture being stirred at a rate of 500 rpm for 1, 2, or 3 h and then cooled to room temperature by water circulation. Inactive nitrogen gas was initially injected into the reactor to increase the solubility of the hydrogen gas produced from the ethanol, and thensubsequently, it was injected to enhance the mass transfer among lignin, ethanol, the solid catalyst, and hydrogen gas. To enhance the efficiency of deoxygenation, a catalyst, Mg-Ni-Mo/AC of 2, 4, or 6 wt% of total supercritical fluid was used. All gas, liquid, and solid products were collected from the reactor for analysis. The Ggas-product sample was first collected with a tedlar gas-tight bag at room temperature for compositional analysis, and thenafter which the remaining gas was vented outside. The reactor was opened by removing its head cover, and all of the products and catalyst present in the reactor were collected. The reactor was rinsed with acetone if necessary. The mixture collected was first filtered using 1.2 μm glass fiber filter papers to separate the liquid and the solid phases. The solid phase including the solid product and catalyst was dried at 105 ˚C for 12 h, and the dried mass was measured preparatory to determininge the solid-product yield by deducting the weight of the used catalyst used. A vVacuum evaporation (60˚C, 1 h) and a consecutive vacuum drying (50˚C, 5 h) were conducted to remove any reaction medium and washing solvent such as ethanol and acetone presented in the liquid phase collected. The yields of the liquid (oil) and solid products were calculated according to the following formulas:	Comment by JH: **OR (if there was ONLY 1 injection, not 2 [re: the position of “initially”]): “was injected into the reactor to, initially, increase the solubility … ethanol, and then to enhance”	Comment by JH: OR (if you prefer, for the plural form): ae

Bio-oil yield (wt%) = Weight of produced liquid product / Weight of lignin × 100
Solid-residue yield (wt%) = Weight of produced solid product / Weight of lignin × 100

2.4 Analyses
The analyses of all of the liquid products afterfollowing the supercritical reaction were performed on anusing Agilent GC 7890A gas chromatography (GC; HP-5 column, 30 m x 0.32 mm x 0.2 µm) equipped with a mass spectrometer (5975C). The carrier gas was He of 99.999% purity. The oven temperature was ramped from 45 to 250˚C at a rate of 8˚C/min. The compounds were identified using the National Institute of Standards and Technology (NITS) Mass Spectral Library. The analyses of gas products were performed by Agilent GC, with a thermal conductivity detector TCD (TCD; Carboxen 1000 column) for H2, CO, CO2, and CH4, and with a flame ionization detector FID (FID; Carboxen 1000 column) for C2H4, C2H6, C3H6, and C3H8. The elemental analyses were performed with a FLASH 2000 (Thermo Scientific). The Ccarbon, hydrogen, nitrogen, and oxygen contents were determined from the combustion products (carbon dioxide, water, nitrogen, and oxides of nitrogen) of the samples. The higher heating value (HHV) was calculated according to the DIN 51900 standard. Gel-permeation chromatographic (GPC) analysis was performed on a Dionex/Thermo Scientific Ultimate 3000 LC system equipped with a Shodex GPC KF-806L column (10µm, 8.0 x 300 mm) and a GPC KF-G 4A guard column (8 µm, 4.6 x 10 mm). For this GPC analysis, Tthe sample was dissolved in tetrahydrofuran (THF) for GPC analysis. The nuclear magnetic resonance (NMR) spectra were acquired through aby 2D-heteronuclear single quantum coherence (HSQC)-NMR analysis using a Bruker AVANCE 600 spectrometer employing athe standard Bruker pulse sequence “hsqcetgpsisp2.2”. The central dimethyl sulfoxide (DMSO) solvent peak was used as an internal reference. HSQC data processing and plottings were carried out using the Bruker Topspin 3.6.5 software and the MestReNova v10.0 software’s default processing template andwith automatic phase and baseline correction [26]. All of the values reported in this studyherein wereare the average of two runs.	Comment by JH: For consistency [x2], but UNDO both if you prefer…	Comment by JH: Already identified post-Abstract	Comment by JH: For consistency in identifying abbreviations, but UNDO if you prefer…

3. RESULTS AND DISCUSSION
3.1 Characterization of lignins and catalyst
The elemental compositions, HHVs, and molecular weights of the three lignins are summarized in Table 1. Sulfuric acid lignin showed the lowest carbon content and the highest oxygen content. Sulfuric acidThe high oxygen content of this lignin, as a by-product of biobuthanol production, had a high oxygen content becausewas due to its containinged some amounts of cellulose and hemicellulose, which are oxygen-rich compounds, [27]. The Ssulfuric acid lignin also contained sulfur. (as did the kraft lignin, Becauseowing to the fact that sodium sulfide wasis used in the pulping process), kraft lignin also contained sulfur. Because of its high oxygen content, the sulfuric acid lignin showed the lowest HHV. The weight-averaged molecular weights of the kraft and organosolv lignins were 1321 and 1684 g/mol, respectively. WhileWhereas  kraft and organosolvboth of these lignins were wellcompletely dissolved in THF, the sulfuric acid lignin was not dissolved completely in THF. Therefore the weight-averaged molecular weight (890 g/mol) of the sulfuric acid lignin should be taken to represents just the value of the solvent-dissolved lignin portion. 	Comment by JH: (This is correct.)	Comment by JH: UNDO this change if the kraft and organosolv lignins were NOT completely dissolved.
Fig. 1(a) shows the Fourier-transform infrared (FTIR) spectra of the kraft, sulfuric acid, and organosolv lignins. All of the lignins showhave a broad band at 3334 cm-1, attributabled to the hydroxyl groups in the phenolic structure, and the bands are centered around 2939 cm-1, predominantly arising from CH stretching in the aromatic methoxyl groups andas well as in the methyl and methylene groups of the side chains. The Kkraft lignin shows strong bands in this region. In the carbonyl/carboxyl region, weak-to-medium bands are found at 1701 cm-1, originating from unconjugated carbonyl/carboxyl stretching. Aromatic skeleton vibrations at 1599 and 1510 cm-1 are common for all lignins, although the intensity of the bands differs. The spectral region below 1400 cm cm-1 is more difficult to analyze, since most bands are complex, with contributions from various vibration modes. However, this region contains vibrations that are specific to the different monolignol units, and thus allows for the structural characterization of lignins. The spectra of all of the lignins show the vibrations characteristic forof the guaiacyl unit (1297 cm-1, G ring and C=O stretching; 1145 cm-1, CH in-plane deformation; 856 cm-1, CH out-of-plane vibrations in positions 2, 5 and 6 of guaiacyl units), but the intensity of the bands vary significantly betweenamong the samples [28-29]. It iswas thought that the sulfuric acid lignin showeds a low peak intensity because many linkages and functional groups were cleaved by biomass pretreatment under harsh conditions.	Comment by JH: Here and throughout, use the full “Figure” to start a sentence if the journal prefers.	Comment by JH: Remove if necessary
To gain further insight into the lignin structure and the inter-unit linkages, two-dimensional heteronuclear single quantum coherence (2D HSQC) NMR spectroscopy analysis of the lignins was performed [30-34]. Fig. 2(d) shows the structures of the identified lignin sub-units in the lignins [30]. Fig. 2 (a)-(c) shows the 1H-13C HSQC NMR spectra of the kraft lignin (a), sulfuric acid lignin (b), and organosolv lignin (c) in the aliphatic region (δC/δH 40–90/3.0–5.0) and the aromatic region (δC/δH 100–150/6.0–7.7). Typically, alkyl-aryl ethers β-O-4 (A) are the major inter-unit structures, followed by resinol β-β (B) and phenylcoumaran β-5 (C) [34]. WhileAlthough β-O-4 was not observed in the kraft lignin, it was observed in the sulfuric acid and organosolv lignins within a very low portionamounts. It was thought that the β-O-4 linkage of the kraft lignin washad been broken due to a the harsh pretreatment conditions. WhileWhereas the kraft lignin showed resinol β-β (B) linkages, the organosolv lignin showed phenylcoumaran β-5 (C). The signals of the methoxyl groups were indicated. The aromatic region of the 2D HSQC NMR spectra showed significant variations in the nature of the lignin biomacromolecules. Specifically, correlations from the syringyl (S), guaiacyl (G), and p-hydroxyphenyl (H) units could be clearly observed. The S lignin units showed a signal for the C2,6-H2,6 correlation at δC/δH 103.8/6.67, while the G units displayed different correlations: for C2–H2 (δC/δH 110.9/6.98), C5-H5 (δC/δH 114.9/6.77), and C6H6 (δC/δH 119.0/6.80). The 2,6-position of the H lignin units were observed at 127.9/7.19 ppm. The aromatic region of the kraft lignin revealeds prominent G units and S units. The aromatic region of the sulfuric acid lignin revealeds prominent G units with a minor 2,6-aromatic correlation from the p-hydroxyphenyl (H) visible at 127.9/7.19 ppm. In the case of the organosolv lignin, prominent signals corresponding to hydroxycinnamates, including p-coumarate (pCA) and ferulate (FA), were more easily observed as compared towith the other sampleslignins. Like the kraft lignin, prominent G units and S units were observed. H lignin units were also were detected in the HSQC NMR, although in lowersmaller amounts. 	Comment by JH: I don’t well understand this expression here, but it has been used in other, published studies, so I assume that it has a meaning in your field.
Fig. 3 shows Tthe crystalline phase structures of the catalysts wereas measured by powder XRD analysis (Fig. 3). It shows a dDiffraction lines located at 2 = 44.1o, 51.4o, and 75.6o, corresponding to (111), (200), and (220) of metallic nickel, respectively., This implyinges the presence of crystalline nickel in the catalyst [35]. The XRD patternspectra also shows very few peaks for the oxidized form of nickel, and demonstratinged that the reduction process with hydrogen at 400˚C was enoughsufficient to achieve complete reduction of the metals on the AC support. A previous study onentailing XRD analysis of an Mg-Ni-Mo catalyst observed a strong interaction between the transition catalyst and alkali metal, and this interaction hindered the aggregation and crystallization of metallic nickel on the support. As a result, the nickel was highly dispersed on the support with the addition of Mo and Mg [24]. 
Further, Tthe Brunauer-Emmett-Teller (BET) technique was used to determine the catalysts’ specific surface area, and the Barrett-Joyner-Halenda (BJH) plots were usedemployed to measure their pore-size distribution. Both Tthe BET surface area and the total pore volume were reduced after the metals were added to the AC support, due to partial pore filling and blockage of the AC support (Table 2). TheA SEM-EDS analysis showed that the amounts of the metal constituents of the catalysts waswere very similar to the real impregnated amounts (Table 2).

3.2 Depolymerization and deoxygenation of lignins by Mg-Ni-Mo/AC catalyst in supercritical ethanol
For the kraft, sulfuric acid, and organosolv lignins, bio-oil was obtained by supercritical ethanol reaction using an Mg-Ni-Mo/AC catalyst. For the effective depolymerization and deoxygenation of lignin, bio-oil yield, solid-residue yield, oxygen content, HHV, molecular weight, gas-product composition, and bio-oil composition were examined after a supercritical reaction. The reaction duration after reaching the target temperature was expressed as the reaction time. The Rresults without catalyst for 0 and 1h reaction times were compared with the results with catalyst for the 1h reaction time. 
Fig. 4 showsplots the bio-oil and solid-residue yields after the supercritical reaction. When the reaction time was increased from 0 to 1h in the absence of catalyst, the bio-oil yield decreased and the solid-residue yield increased. The increase of the reaction time without catalyst encouraged repolymerization of depolymerized lignin. Adamovic et al. [36] suggested that maintaining a short reaction time was essential in lignin depolymerization in order to avoid undesired repolymerization reactions and to promote monomer recovery. The Ssulfuric acid lignin showed a low bio-oil yield and a high solid-residue yield andwith no time effect for 0 and 1h under no catalyst. Under the harsh conditions for lignin extraction, the radical coupling with lignin-derived monomers partially regenerated oligomeric species. Consequently, multiple alternative and highly stable C-C cross-linked structures arewere formed, replacing the C-O bonds found in the native lignins. The repolymerized oligometic and polymeric lignin fragments are characterized by very strong, highly recalcitrant C-C linkages. The thermodynamic costs associated with breaking stable C-C bonds are higher than those required for the cleavage of β-ether linkages in native lignins [11]. So, without catalyst, it was difficult to break the sulfuric acid lignin linkages without catalyst. It was thought that the linkage of the sulfuric acid lignin was complicated becausedue to the sulfur-containing lignin underwentundergoing various reactions. However, when the catalyst was applied to the supercritical ethanol system, all three lignins showed high and similar bio-oil yields. ByUsing the Mg-Ni-Mo/AC catalyst with supercritical ethanol, liquefaction of lignin was effectively performed. The catalyst promoted the depolymerization of lignin, and the ethanol media inhibited the repolymerization. The solid-residue yields also decreased, and sulfuric acid lignin showed a very significant decrease.	Comment by JH: OR (if ALL such monomers): “the lignin-derived monomers”	Comment by JH: … OR (if ALL such species): “the oligomeric species”	Comment by JH: OR: “were characterized as having”
The oxygen contents of bio-oils decreased when the supercritical reaction was performed (Fig. 5(a)). In the supercritical ethanol reaction for 0h without a catalyst, the oxygen contents decreased from 27.44 to 23.12% for the kraft lignin, from 38.68 to 27.87% for the sulfuric acid lignin, and from 29.29 to 24.31% for the organosolv lignin. The Ssulfuric acid lignin showed an initially high oxygen content. Without a catalyst, the oxygen content decreased with reaction time. AtIn the 1h experiment with catalyst, the oxygen content decreased again. The deoxygenation was effectively occurred by reaction among ethanol, lignins, and Mg-Ni-Mo/AC. First, the Mg-Ni-Mo/AC catalyst was involved in the decomposition of ethanol and then hydrogen production [20-21]. Secondly, the catalyst performed the hydrodeoxygenation and cracking reaction, and soresultantly, the oxygen content of bio-oils was effectively decreased, effectively andas were the molecular weights of the lignins decreased in the bio-oils  [24-25]. The Oorganosolv lignin showed the lowest oxygen content, and the sulfuric acid lignin showed the highest oxygen content, at 4wt% Mg-Ni-Mo/AC catalyst. 	Comment by JH: OR: “was effectualized”
The HHVs increased when the supercritical ethanol reaction was applied thanrelative to inthe raw lignins, and increased with increasing time and catalyst use (Fig. 5(b)). When the catalyst existedwas used, the highest HHVs were obtained. The HHVs of the kraft and organosolv lignins were slightly higher than that of the sulfuric acid lignin.  
Fig. 6 showsplots the number and weight-averaged molecular weights of lignins and bio-oils. The molecular weights of bio-oils gradually decreased with time without catalyst. Hydrothermal depolymerization under the supercritical ethanol condition occurred by breaking of the C-O and C-C linkages, producing radicals and ions from ethanol [37]. When the time was increased from 0 to 1h without catalyst, the averaged molecular weight decreased while the bio-oil yield decreased. It was thought that the product from the 1h reaction without catalyst contained some repolymerized compounds that contributeding to the formation of solids. Also, when the Mg-Ni-Mo/AC catalyst was used, the molecular weights increased again, although thosethey were lower than the initial values of the lignins. This wasran contrary to the reduction of the oxygen content by catalytic hydrodeoxygenation by the catalyst. By use of the catalyst, active materials such as radicals orand ions were sufficiently produced from ethanol. A moderate amount of radicals helpedfacilitated depolymerization of lignin, but an excessive amount of radicals rather activated the depolymerized lignin and caused it to be recombined [38]. However, the use of the catalyst enhanced hydrogen production and reduced the oxygen content by hydrodeoxygenation [20]. The molecular weight of sulfuric acid was highly increased by the catalyst, because it contained various chemicals disrupted by sulfuric acid during pretreatment and was transferred easily to active materials for combination.  	Comment by JH: OR: “compounds, thereby contributing”	Comment by JH: OR: augmented
The total gas products increased after 1 h reaction without catalyst and highly increased again when the catalyst was used (Fig. 7(a)). The hydrogen increased significantly when the catalyst was used. Without catalyst, hydrogen production was very low. Hydrogen produced during the catalytic supercritical reaction was used for hydrogdeoxygenation, and it showed hydrogen remained after the reaction. When catalyst was used, CO, CO2, CH4, and C2H6 showed high contents. ItThese results means that decarbonylation, decarboxylation, and hydrocracking were facilitated over the Mg-Ni-Mo/AC catalyst [39]. Fig. 7(b) showsplots the results of a gas chromatography-mass spectrometry (GC-MS) analysis of bio-oil. The current GC-MS analysis results provides information abouton the light fraction of bio-oil (molecular weight: less than˂ 312). Bio-oils from the kraft lignin and organosolv lignins showeds high contents of aromatics connected with oxygenated compounds and phenolics. With catalyst, the aromatics connected with oxygenated compounds decreased, and itthis affected the decrease of the oxygen content. When catalyst was used, some amount of alcohol was produced by combination ofwith ethanol. In all cases, the main alcohol iswas butanol, and some hexanol was produced as well. SoThus, the Mg-Ni-Mo/AC catalyst also has the ability to produce high-carbon-number alcohol. Ester was also was produced from ethanol, both with and without catalyst [20].	Comment by JH: OR (same meaning): “with catalyst”	Comment by JH: … *See the Comment re: this on page 4.	Comment by JH: OR:
1) “some of the hydrogen”
2) “most of the hydrogen”
3) “almost all of the hydrogen”
4) “all of the hydrogen”	Comment by JH: OR: on	Comment by JH: Vague / OR:
1) enhanced
2) retarded	Comment by JH: OR: “addition of”	Comment by JH: Hyphenated here and on page 14
The infraredFTIR spectra of bio-oils wereare shownplotted in Fig. 1(b). The Sspectra of bio-oil showed similar tendenciesy regardless of the lignin sources. A broad band at 3334 cm-1 was still existedremained, attributabled to the hydroxyl groups in the phenolic structure. The intensity of the bands centered around 2939 cm-1, predominantly arising from CH stretching in the aromatic methoxyl groups andas well as in the methyl and methylene groups of the side chains, increased due to the increase of the methyl and dimethyl groups. The sharp peaks that showing the vibrations characteristic forof the guaiacyl unit (1297 cm-1, G ring and C=O stretching; 1145 cm-1, CH in-plane deformation) disappeared. It was thought that the guaiacyl or syringyl structures werehad been broken during the supercritical reaction. 	Comment by JH: … Remove if necessary.

3.3 Optimization of bio-oil production from lignin in supercritical ethanol
For the kraft lignin, the properties of bio-oils under various conditions of time, temperature, catalyst dosage, and ethanol-to-lignin ratio were compared. When the reaction time increased, the bio-oil yield increased and the solid-residue yield decreased (Table 3). For liquefaction of lignin, a long time was required. The Ooxygen content decreased and the carbon content gradually increased with time. The HHVs of bio-oils also increased with time. The molecular weights decreased thanrelative to that of lignin but those at 2h showeds the highest value. Also, Aadditional combinations of compounds during the increased time occurred.	Comment by JH: *OR: below
When the reaction temperature was increased, the bio-oil yield increased and the solid-residue yield decreased (Table 4). At 300˚C, the bio-oil yield was 47.5 wt%. That temperature was not high enough for lignin liquefaction. With temperature, the Ooxygen content decreased and the carbon content gradually increased with temperature. The HHV also increased with temperature. For liquefaction of lignin, a temperature morehigher than 325˚C was desirablenecessary. The molecular weight decreased with temperature. At high temperature, the linkage breakage was facilitated.	Comment by JH: OR: HHVs
When the catalyst dosage was increased, the bio-oil yield increased and the solid-residue yield decreased (Table 5). With catalyst dosage, the Ooxygen content decreased and the carbon content gradually increased with catalyst dosage. The HHV also increased with catalyst dosage. The lowest molecular weight was observed in the supercritical reaction without catalyst. When the catalyst was used, the molecular weight increased again, due to the production of active chemicals by the catalyst and the combination of some chemicals. But in all cases, the molecular weights of bio-oils were lower than those of the lignins. At catalyst dosages ranging from 0 to 4 wt%, the molecular weight increased with catalyst dosage due to production of active radicals and ions.	Comment by JH: … *OR: HHVs	Comment by JH: OR (if you prefer): “With catalyst”	Comment by JH: redundant
[bookmark: _Hlk141797881]The ethanol-to-lignin ratio was changed from of 90:10 to 85:15 and 80:20 (w/w). The bio-oil yield decreased and the solid-residue yield increased comparedrelative to the case of 90:10 (w/w) (Table 6). The Ooxygen content was the lowest and the carbon content was the highest at 90:10 (w/w). There was no tendency of molecular weight tendency correlatable with the ethanol-to-lignin ratio. Among all of the experiments, the highest HHV, of 35.44 MJ/kg, was obtained at 350˚C for 3h reaction time under the 90:10 (w/w) ethanol-to-lignin ratio and 4wt% catalyst.
Fig. 8(a) showsplots the total gas products. When reaction time, temperature, catalyst dosage, and lignin ratio were increased, the total gas amount produced also increased. When the temperature was increased, the remaining hydrogen content increased. When the catalyst dosage was increased, the remaining hydrogen content roughlymarginally increased. Hydrogen produced during the catalytic supercritical reaction was used for hydrodeoxygenation during the reaction. The major gases were CO, CO2, CH4, and C2H6. ItThis means that decarbonylation, decarboxylation, and hydrocracking were all facilitated over the Mg-Ni-Mo/AC catalyst [39]. Fig. 8(b) showsplots the results of the GC-MS analysis of bio-oil. The current GC-MS analysisresults provides information abouton the light fraction of bio-oil (molecular weight: less than˂ 312). Bio-oils from lignins showeds high contents of aromatics connected with oxygenated compounds and phenolics. The Rreaction at 300˚C and the reaction without catalyst showed no production of alcohol, butwhereas the other cases all showeds the production of alcohol by combination ofwith ethanol. In all of the cases, the main ethanol iswas butanol, and some hexanol was produced as well. SoThus, the Mg-Ni-Mo/AC catalyst also has the ability to produce high-carbon-number alcohol. Ester was also was produced from ethanol, both with and without catalyst [20]. Acid was not found in allany of the bio-oils, becauseowing to ethanol having undergonees esterification in the presence of acid.	Comment by JH: *my guess	Comment by JH: Just for emphasis (remove if preferred)	Comment by JH: … OR: on	Comment by JH: … OR: “addition of”
The effects of the various reaction parameters on lignin liquefaction wereare summarized in Fig. 9 usingby van Krevelen plotting. The O/C value of bio-oil reduceddecreased with increasing time, temperature, and catalyst dosage fromfor the kraft lignin. The O/C value exhibiteds athe minimum value at the ethanol-to-lignin ratio of 90:10 (w/w) and 350˚C for 3h with 4 wt% catalyst. 

4. CONCLUSIONS
Bio-oils were produced through depolymerization and deoxydgenation of the kraft, sulfuric acid, and organosolv lignins by useing of the Mg-Ni-Mo/activated charcoalAC catalyst in supercritical ethanol. Supercritical ethanol was usedemployed as both the solvent media for depolymerization and the hydrogen source for deoxygenation without additional hydrogen supply. The Mg-Ni-Mo/AC catalyst produced hydrogen from ethanol and induced the deoxygenation of lignin. The bio-oil yields of the kraft, sulfuric acid, and organosolv lignins under the lignin-to-ethanol ratio of 10:90 (w/w), 4wt% catalyst, and 1h reaction time at 350˚C and 10 bar N2 pressure were 73.8, 75.4, and 73.0wt%, respectively. When the Mg-Ni-Mo/AC catalyst was applied to the supercritical ethanol system, bio-oils were produced with high yields and low oxygen contents compared towith thatthe cases without catalyst. The bio-oil yield of the kraft lignin was the highest, 83.0 wt%, and the highest under the lignin-to-ethanol ratio of 10:90 (w/w), 4wt% catalyst, and 3h reaction time at 350˚C and 10 bar N2 pressure. 	Comment by JH: *Note the change here.	Comment by JH: Note that “lignin-to-ethanol ratio” (not “ethanol-to-lignin”) is used only here [x2]. I assume that this was intentional.
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Table 1
Elemental compositions, HHVs, and molecular weights of lignins. 
	Lignin
	Elemental composition (wt%)
	HHVa (MJ/kg)
	Molecular weight (g/mol)

	
	C
	H
	O
	N
	S
	
	Mn
	Mw

	Kraft
	63.58
	6.43
	27.44
	0.34
	2.21
	27.37
	793
	1321

	Sulfuric acid
	54.29
	5.37
	38.68
	0.06
	1.60
	21.66
	463b
	890b

	Organosolv
	64.71
	5.69
	29.29
	0.25
	0.06
	26.23
	946
	1684


aHHV(MJ/kg)=(34C+124.3H+6.3N+19.3S-9.8O)/100.
bOnly the portion soluble in THF was measured.





Table 2
Physical properties of AC support and Mg-Ni-Mo/AC catalyst.
	
	BET surface area (m2/g)
	Pore volume
(cm3/g)
	Avg. pore diameter (nm)
	
	
	(atomic %)
	
	

	
	
	
	
	C
	O
	Mg
	Ni
	Mo

	AC
	786.5
	0.27
	5.64
	88.82
	11.18
	-
	-
	-

	MgNiMo/AC	Comment by JH: Here, the hyphens can be left out due to the space limitation
	545.8
	0.23
	6.16
	46.55
	12.36
	2.49
	23.93
	13.90





Table 3
Bio-oil and solid-residue yields produced from kraft lignin, elemental compositions, HHV, and molecular weights of bio-oils with time (ethanol:lignin = 90:10 (w/w), Mg-Ni-Mo/AC catalyst = 4 wt%, temperature = 350˚C).
	Time (h)
	Yield (wt%)
	
	Elemental composition (wt%)
	HHVa (MJ/kg)
	Molecular weight (g/mol)

	
	Bio-oil
	Solid
	C
	H
	O
	
	Mn
	Mw

	lignin
	-
	-
	63.58
	6.43
	27.44
	27.37
	793
	1321

	1
	73.8
	19.1
	73.32
	8.79
	17.34
	34.22
	452
	853

	2
	78.5
	17.9
	75.90
	8.72
	15.07
	35.19
	602
	926

	3
	83.0
	14.3
	75.98
	8.89
	14.83
	35.44
	583
	879


aHHV(MJ/kg)=(34C+124.3H+6.3N+19.3S-9.8O)/100.





Table 4
Bio-oil and solid-residue yields produced from kraft lignin, elemental compositions, HHV, and molecular weights of bio-oils with temperature (ethanol:lignin = 90:10 (w/w), Mg-Ni-Mo/AC catalyst = 4 wt%, reaction time = 1h).
	Temperature (˚C)
	Yield (wt%)
	
	Elemental composition (wt%)
	HHVa (MJ/kg)
	Molecular weight (g/mol)

	
	Bio-oil
	Solid
	C
	H
	O
	
	Mn
	Mw

	lignin
	-
	-
	63.58
	6.43
	27.44
	27.37
	793
	1321

	300
	47.5
	34.1
	70.19
	7.34
	21.79
	30.95
	609
	1247

	325
	70.5
	20.9
	71.89
	8.52
	19.04
	33.24
	525
	1039

	350
	73.8
	19.1
	73.32
	8.79
	17.34
	34.22
	452
	853


aHHV(MJ/kg)=(34C+124.3H+6.3N+19.3S-9.8O)/100.


Table 5
Bio-oil and solid-residue yields produced from kraft lignin, elemental compositions, HHV, and molecular weights of bio-oils with catalyst dosage (ethanol:lignin = 90:10 (w/w), temperature = 350˚C, reaction time = 1h).
	Catalyst (wt%)
	Yield (wt%)
	
	Elemental composition (wt%)
	HHVa (MJ/kg)
	Molecular weight (g/mol)

	
	Bio-oil
	Solid
	C
	H
	O
	
	Mn
	Mw

	lignin
	-
	-
	63.58
	6.43
	27.44
	27.37
	793
	1321

	0
	35.2
	33.1
	70.96
	7.80
	19.95
	32.07
	338
	456

	2
	64.4
	26.9
	71.36
	8.41
	19.52
	32.90
	425
	797

	4
	73.8
	19.1
	73.32
	8.79
	17.34
	34.22
	452
	853

	6
	82.3
	17.7
	74.35
	8.90
	16.25
	34.80
	443
	851


aHHV(MJ/kg)=(34C+124.3H+6.3N+19.3S-9.8O)/100.





Table 6
Bio-oil and solid-residue yields produced from kraft lignin, elemental compositions, HHV, and molecular weights of bio-oils with ethanol-to-lignin ratio (Mg-Ni-Mo/AC catalyst = 4 wt%, temperature = 350˚C, reaction time = 1h).
	Ethanol-to-lignin ratio (w/w)
	Yield (wt%)
	
	Elemental composition (wt%)
	HHVa (MJ/kg)
	Molecular weight (g/mol)

	
	Bio-oil
	Solid
	C
	H
	O
	
	Mn
	Mw

	lignin
	-
	-
	63.58
	6.43
	27.44
	27.37
	793
	1321

	90:10
	73.8
	19.1
	73.32
	8.79
	17.34
	34.22
	452
	853

	85:15
	67.3
	26.1
	72.19
	8.47
	18.69
	33.33
	449
	897

	80:20
	67.3
	23.8
	72.49
	8.65
	18.24
	33.69
	427
	807


aHHV(MJ/kg)=(34C+124.3H+6.3N+19.3S-9.8O)/100.
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(b)
Fig. 1. FTIR spectra of lignins (a) and bio-oils produced from lignins (b).
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(a)                            (b)                            (c)
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(d)
Fig. 2. 2D HSQC NMR spectra of lignins: (a) kraft lignin, (b) sulfuric acid lignin, (c) organosolv lignin, and (d) lignin sub-unit structures.
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Fig. 3. XRD spectra of Mg-Ni-Mo/AC catalyst.  




(a)


(b)
Fig. 4. Yields of products after supercritical reaction: (a) bio-oil and (b) solid residue (ethanol:lignin = 90:10 (w/w), temperature = 350˚C).




(a)


(b) 
Fig. 5. Oxygen content (a) and higher heating value (b) of lignins and bio-oils (ethanol:lignin = 90:10 (w/w), temperature = 350˚C).





Fig. 6. Number and weight-averaged molecular weights of lignins and bio-oils (ethanol:lignin = 90:10 (w/w), temperature = 350˚C).
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(b)
Fig. 7. Gas-product composition by GC analysis and bio-oil composition by GC-MS analysis after supercritical reaction (ethanol:lignin = 90:10 (w/w), temperature = 350˚C).
[image: ]
(a)
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(b)
Fig. 8. Gas-product composition by GC analysis and bio-oil composition by GC-MS analysis after supercritical reaction (ethanol:lignin = 90:10, 85:15, 80:20 (w/w), Mg-Ni-Mo/AC catalyst = 0, 2, 4, 6 wt%, temperature = 300, 325, 350˚C, reaction time = 1, 2, 3h).


Fig. 9. Effects of reaction parameters on O/C and H/C ratios in the van Krevelen diagram of kraft lignin and bio-oils over Mg-Ni-Mo/AC catalyst. 	Comment by JH: … OR: on
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