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Introduction

Cellulose is the main component of renewable wood biomass and a promising environmentally friendly alternative to fossil resources for the production of fuel components and valuable chemicals [START_REF] Besson | Conversion of biomass into chemicals over metal catalysts[END_REF][START_REF] Bhaumik | Solid acid catalyzed synthesis of furans from carbohydrates[END_REF][START_REF] Murzin | Catalysis for lignocellulosic biomass processing: methodological aspects[END_REF][START_REF] Van De Vyver | Recent advances in the catalytic conversion of cellulose[END_REF][START_REF] Van Putten | Hydroxymethylfurfural, a versatile platform chemical made from renewable resources[END_REF]). Glucose, which can be derived by the hydrolysis of cellulose, is a valuable chemical, food and feedstock. 5-Hydroxymethylfurfural (5-HMF), which is one of platform molecules, can also be derived from the polysaccharide via hydrolysis-dehydration. Chemical industry (polymer materials, solvents, resins, biofuel additives) is a potential field for 5-HMF application [START_REF] Mukherjee | Review: Sustainable production of hydroxymethylfurfural and levulinic acid: challenges and opportunities[END_REF]. The development of catalytic one-pot technologies seems to be a promising way for the synthesis of glucose and 5-HMF directly from cellulose in aqueous medium [START_REF] Bhaumik | Solid acid catalyzed synthesis of furans from carbohydrates[END_REF][START_REF] Gallezot | Conversion of biomass to selected chemical products[END_REF][START_REF] Mukherjee | Review: Sustainable production of hydroxymethylfurfural and levulinic acid: challenges and opportunities[END_REF][START_REF] Murzin | Catalysis for lignocellulosic biomass processing: methodological aspects[END_REF][START_REF] Van De Vyver | Recent advances in the catalytic conversion of cellulose[END_REF][START_REF] Van Putten | Hydroxymethylfurfural, a versatile platform chemical made from renewable resources[END_REF]. One-pot technique eliminates stages of semi-product isolation and purification. Non-aqueous media are highly prohibited for the cellulose depolymerization because of environmental problems and the high cost of organic solvents and ionic liquids. The crystal structure makes inedible cellulose chemically stable and water insoluble [START_REF] Gromov | New methods for the one-pot processing of polysaccharide components (cellulose and hemicelluloses) of lignocellulose biomass into valuable products. Part 1: methods for biomass activation[END_REF][START_REF] Perez | Conformation, structures, and morphologies of celluloses[END_REF] and, therefore, the advanced cellulose processing to glucose and 5-HMF is rather difficult [START_REF] Bobleter | (ed) Polysaccharides. Structural diversity and functional versatility[END_REF][START_REF] Yu | Some recent advances in hydrolysis of biomass in hot-compressed water and its comparisons with other hydrolysis methods[END_REF]. Harsh conditions (high temperatures) are unavoidable for cellulose to be depolymerized efficiently.

Cellulose depolymerization in sub-, near-and supercritical water is suitable for different products to be derived (Fig. 1). However, after passing through the critical point, the rates of cellulose depolymerization and glucose destruction increase significantly [START_REF] Sasaki | Cellulose hydrolysis in subcritical and supercritical water[END_REF]. Hence, time for the formation of target products, which are soluble in water, becomes critically short. The processing could be finished in few seconds. Longer reaction times result in the formation of deep decomposition products: coke and gases. Subcritical conditions (150-350 °C) seem to be more perspective for the liquefaction of biomass; the low-temperature limit is suitable for manufacturing valuable compounds (Fig. 1) (Loppinet-Serani and Aymonier 2014). Cellulose hydrolysis can take place in pure water without any catalyst at temperatures higher than 150 °C [START_REF] Bobleter | (ed) Polysaccharides. Structural diversity and functional versatility[END_REF][START_REF] Yu | Some recent advances in hydrolysis of biomass in hot-compressed water and its comparisons with other hydrolysis methods[END_REF]. So far, most of the studies on cellulose depolymerization have been carried out in batch reactor, whereas flow systems have been rarely used. [START_REF] Sasaki | Cellulose hydrolysis in subcritical and supercritical water[END_REF] investigated the hydrolysis of microcrystalline cellulose in a flow reactor at 290-400 °C and under a pressure of 25 MPa. They confirmed the formation of soluble oligosaccharides and some other products (erythrose, dihydroxyacetone, fructose, glucose, glyceraldehyde, piruvaldgid). The total yield reached 75% [START_REF] Sasaki | Cellulose hydrolysis in subcritical and supercritical water[END_REF]. Rogalinski et al. (2008a, b) studied the conversion of cellulose in both batch and flow reactors under relatively mild subcritical conditions; the experiment temperatures were in the range of 210-310 °C. The liquefaction of the substrate reached 25% and the yields of glucose and the monosaccharide degradation products were 5 and 10%, respectively (Rogalinski et al. 2008a). [START_REF] Zhao | Combined supercritical and subcritical process for cellulose hydrolysis to fermentable hexoses[END_REF][START_REF] Zhao | Combined supercritical and subcritical of cellulose for fermentable hexose production in a flow reaction system[END_REF] suggested to combine super-and subcritical conditions to increase the total yield of glucose. The authors proposed a processing method, which consisted of two steps. In the first step, supercritical conditions were applied to the cellulose dissolution and the second step operated under subcritical conditions was used for the hydrolysis of soluble oligosaccharides. They achieved a 40% yield of glucose and glyceraldehyde; erythrose, dihydroxyacetone and 5-HMF were also recorded. The maximum total yield of the side products was equal to 28.3%. Apparently, this is the best result achieved in sub-and supercritical water in terms of glucose and 5-HMF production [START_REF] Zhao | Combined supercritical and subcritical process for cellulose hydrolysis to fermentable hexoses[END_REF][START_REF] Zhao | Combined supercritical and subcritical of cellulose for fermentable hexose production in a flow reaction system[END_REF].

The combination of hydrothermal and catalytic approaches makes possible the improvement in substrate conversion, yields and selectivity of major product, as well as decreasing the energetic consumption due to milder conditions (Loppinet-Serani and Aymonier 2014). Cellulose depolymerization can be carried out in the presence of soluble or solid catalysts and the latter seem to be more prospective. Among the solid catalysts being stable in subcritical aqueous medium (TiO 2 , ZrO 2 , CeO 2 , Al 2 O 3 , C) and interesting for cellulose transformation to glucose and 5-HMF, carbons are of particular interest due to their high mechanical and chemical stability [START_REF] Amarasekara | Acid hydrolysis of cellulose and hemicellulose[END_REF][START_REF] Bhatnagar | An overview of the modification methods of activated carbon for its water treatment applications[END_REF][START_REF] Burgess | The functionalisation of graphite surfaces with nitric acid: Identification of functional groups and their effects on gold deposition[END_REF]Chareonlimkun et al. 2010a, b;[START_REF] Jiang | An improved kinetic model for cellulose hydrolysis to 5-hydroxymethylfurfural using the solid SO 4 2-/Ti-MCM-41 catalyst[END_REF][START_REF] Kim | Heterogeneous catalytic wet air oxidation of refractory organic pollutants in industrial wastewaters: a review[END_REF][START_REF] Lai | Hydrolysis of cellulose into glucose by magnetic solid acid[END_REF][START_REF] Levec | Catalytic wet-air oxidation processes: a review[END_REF][START_REF] Liu | Preparation of a carbon-based solid acid catalyst by sulfonating activated carbon in a chemical reduction process[END_REF][START_REF] Nakajima | Amorphous carbon with SO 3 H groups as a solid Bronsted acid catalyst[END_REF][START_REF] Nakajima | Amorphous carbon bearing sulfonic acid groups in mesoporous silica as a selective catalyst[END_REF][START_REF] Nandiwale | One-pot synthesis of 5-hydroxymethylfurfural by cellulose hydrolysis over highly active bimodal micro/ mesoporous H-ZSM-5 catalyst[END_REF][START_REF] Shrotri | Cellulose hydrolysis using oxidized carbon catalyst in a plug-flow slurry process[END_REF][START_REF] Takagaki | Hydrolysis of sugars using magnetic silica nanoparticles with sulfonic acid groups[END_REF][START_REF] Takagaki | Glucose production from saccharides using layered transition metal oxide and exfoliated nanosheets as a water-tolerant solid acid catalyst[END_REF][START_REF] Taran | Sibunit based catalytic materials for the deep oxidation of organic ecotoxicants in aqueous solutions. III: wet air oxidation of phenol over oxidized carbon and Ru/C catalysts[END_REF]Taran et al. , 2011b;;[START_REF] Wang | Glucose production from hydrolysis of cellulose over a novel silica catalyst under hydrothermal conditions[END_REF][START_REF] Watanabe | Catalytic glucose and fructose conversions with TiO 2 and ZrO 2 in water at 473 K: relationship between reactivity and acidbase property determined by TPD measurement[END_REF]Yang et al. 2011a, b). However, pure non-modified carbons characterized by insufficient surface acidity show insignificant catalytic activity in polysaccharide depolymerization reactions [START_REF] Foo | Synergistic effect between defect sites and functional groups on the hydrolysis of cellulose over activated carbon[END_REF][START_REF] Fukuhara | Structure and catalysis of cellulose-derived amorphous carbon bearing SO 3 H groups[END_REF][START_REF] Pang | Hydrolysis of cellulose into glucose over carbons sulfonated at elevated temperatures[END_REF]. Therefore, carbons undergo additional modifications for strong acidic groups which may be catalytically active to be fixed or generated on their surfaces [START_REF] Bhatnagar | An overview of the modification methods of activated carbon for its water treatment applications[END_REF][START_REF] Burgess | The functionalisation of graphite surfaces with nitric acid: Identification of functional groups and their effects on gold deposition[END_REF][START_REF] Liu | Preparation of a carbon-based solid acid catalyst by sulfonating activated carbon in a chemical reduction process[END_REF][START_REF] Nakajima | Amorphous carbon with SO 3 H groups as a solid Bronsted acid catalyst[END_REF][START_REF] Nakajima | Amorphous carbon bearing sulfonic acid groups in mesoporous silica as a selective catalyst[END_REF][START_REF] Shrotri | Cellulose hydrolysis using oxidized carbon catalyst in a plug-flow slurry process[END_REF][START_REF] Taran | Sibunit based catalytic materials for the deep oxidation of organic ecotoxicants in aqueous solutions. III: wet air oxidation of phenol over oxidized carbon and Ru/C catalysts[END_REF]Taran et al. , 2011b)). The treatment of carbon materials with concentrated or fuming sulfuric acid is the most well-practiced method for supporting acid groups (Cao et al. 2018a;[START_REF] Dora | Effective catalytic conversion of cellulose into high yields of methyl glucosides over sulfonated carbon based catalyst[END_REF][START_REF] Foo | Synergistic effect between defect sites and functional groups on the hydrolysis of cellulose over activated carbon[END_REF]Guo et al. 2012b;[START_REF] Kitano | Adsorptionenhanced hydrolysis of β-1,4-glucan on graphene-based amorphous carbon bearing SO 3 H, COOH, and OH groups[END_REF][START_REF] Li | Biochar based solid acid catalyst hydrolyze biomass[END_REF][START_REF] Li | The effect of difference in chemical composition between cellulose and lignin on carbon based solid acids applied for cellulose hydrolysis[END_REF][START_REF] Liu | Sulfonated magnetic carbon nanotube arrays as effective solid acid catalysts for the hydrolyses of polysaccharides in crop stalks[END_REF][START_REF] Nakajima | Amorphous carbon with SO 3 H groups as a solid Bronsted acid catalyst[END_REF][START_REF] Onda | Selective hydrolysis of cellulose into glucose over solid acid catalysts[END_REF][START_REF] Onda | Hydrolysis of cellulose selectively into glucose over sulfonated activated-carbon catalyst under hydrothermal conditions[END_REF][START_REF] Pang | Hydrolysis of cellulose into glucose over carbons sulfonated at elevated temperatures[END_REF][START_REF] Shen | Influence of reaction conditions on heterogeneous hydrolysis of cellulose over phenolic residue-derived solid acid[END_REF][START_REF] Suganuma | Hydrolysis of cellulose by amorphous carbon bearing SO 3 H, COOH, and OH groups[END_REF][START_REF] Suganuma | Synthesis and acid catalysis of cellulose-derived carbon-based solid acid[END_REF][START_REF] Xiong | Sulfonated biochar as acid catalyst for sugar hydrolysis and dehydration[END_REF]. Moreover, treatments with solutions of H 3 PO 4 (Cao et al. 2018b;[START_REF] Gromov | Hydrothermal solubilization-hydrolysis-dehydration of cellulose to glucose and 5-hydroxymethylfurfural over solid acid carbon catalysts[END_REF], HNO 3 [START_REF] Gromov | Hydrothermal solubilization-hydrolysis-dehydration of cellulose to glucose and 5-hydroxymethylfurfural over solid acid carbon catalysts[END_REF][START_REF] Pang | Hydrolysis of cellulose into glucose over carbons sulfonated at elevated temperatures[END_REF][START_REF] Van Pelt | Stability of functionalized activated carbon in hot liquid water[END_REF], H 2 O 2 [START_REF] Foo | Synergistic effect between defect sites and functional groups on the hydrolysis of cellulose over activated carbon[END_REF][START_REF] Van Pelt | Stability of functionalized activated carbon in hot liquid water[END_REF], oxidation by air [START_REF] Shrotri | Cellulose hydrolysis using oxidized carbon catalyst in a plug-flow slurry process[END_REF][START_REF] Van Pelt | Stability of functionalized activated carbon in hot liquid water[END_REF], wet air [START_REF] Gromov | Hydrothermal solubilization-hydrolysis-dehydration of cellulose to glucose and 5-hydroxymethylfurfural over solid acid carbon catalysts[END_REF]Taran et al. 2011a) and NaOCl (Taran et al. 2011a) are also possible.

This work reports the activity of Sibunit carbon material modified by different agents (H 2 SO 4 , HNO 3 or wet air) in the transformation of cellulose to the target molecules glucose and 5-HMF under semi-flow conditions as well as the main factors, which influence the catalytic activity.

Materials and methods

Chemicals and materials

The following inorganic and organic chemicals were used in this work without any preliminary purification: H 2 SO 4 (96%, extra pure, Acros Organics), NaOH (high purity, Ekros), HNO 3 (high purity, 18-4, Reakhim, Russia), acetic acid (Acros Organics), formic acid (98%, Panreac), D-glucose (99%, Fisher Chemical), D-fructose (> 99%, Sigma-Aldrich), D-mannose (> 99%, Sigma-Aldrich), D-cellobiose (> 99%, Alfa Aesar), 5-hydoxymethylfurfural (> 98%, Sigma-Aldrich), levulinic acid (98%, Acros Organics) and furfural (> 99%, Sigma-Aldrich). Milli-Q water (Millipore, France) was used for preparing all the solutions.

Mechanically activated microcrystalline cellulose (13 ± 6 μm, crystallinity ca. 37%, Vekton, Russia) was used in all the experiments. Cellulose activation and characterization techniques were the same as discussed previously [START_REF] Gromov | New methods for the one-pot processing of polysaccharide components (cellulose and hemicelluloses) of lignocellulose biomass into valuable products. Part 1: methods for biomass activation[END_REF][START_REF] Gromov | Solid acidic NbO x /ZrO 2 catalysts for transformation of cellulose to glucose and 5-hydroxymethylfurfural in pure hot water[END_REF][START_REF] Gromov | Hydrothermal solubilization-hydrolysis-dehydration of cellulose to glucose and 5-hydroxymethylfurfural over solid acid carbon catalysts[END_REF][START_REF] Pestunov | The mechanical activation of crystal and wooden sawdust cellulose in various fine-grinding mills[END_REF].

Synthesis and characterization of catalysts

Commercial mesoporous graphite-like carbon material Sibunit (fraction of 56-94 μm, Omsk, Russia) washed with boiling deionized water was used to prepare all the catalysts. The catalysts were prepared as detailed previously [START_REF] Gromov | Hydrothermal solubilization-hydrolysis-dehydration of cellulose to glucose and 5-hydroxymethylfurfural over solid acid carbon catalysts[END_REF]. Three series of catalysts were prepared. The first one was prepared via treatment of Sibunit by fuming H 2 SO 4 for 10 h at 80, 150 and 200 °C (the sulfonated samples Sib-S80, Sib-S150 and Sib-S200, respectively). The second series was made by treating initial carbon with 23 or 32 v/v.% HNO 3 solution at 90 °C or wet gas mixture (20 v/v.% of O 2 in N 2 ) at 450 °C [START_REF] Gromov | Hydrothermal solubilization-hydrolysis-dehydration of cellulose to glucose and 5-hydroxymethylfurfural over solid acid carbon catalysts[END_REF]Taran et al. 2011a) (oxidized catalysts Sib-N23, Sib-N32 and Sib-WA, respectively). To prepare the third group of oxidized-sulfonated catalysts, Sib-N23, Sib-N32 and Sib-WA were treated by fuming H 2 SO 4 at 200 °C additionally for 10 h (samples Sib-WA-S200, Sib-N23-S200, Sib-N32-S200). Previously, this temperature of sulfuric acid treatment provided the best performance of carbon catalysts [START_REF] Gromov | Hydrothermal solubilization-hydrolysis-dehydration of cellulose to glucose and 5-hydroxymethylfurfural over solid acid carbon catalysts[END_REF]. Prior to any catalytic experiments to remove weakly fixed acidic groups, all the catalysts were treated under hydrothermal conditions for 3 h, washed with boiling water and dried in argon. The preparation techniques are described in brief in Table 1.

The detailed description of the physicochemical techniques is given in Supporting Information (SI). Texture characteristics of catalysts and non-treated Sibunit were investigated using low-temperature nitrogen absorption at -196 °C on ASAP-2400 device ("Micromeritics," USA). Concentrations of strong acidic groups (phenolic, lactonic, carboxylic and sulfo groups) on the surface of carbon catalysts were determined using acid-base titration with NaOH [START_REF] Boehm | Chemical identification of surface groups[END_REF][START_REF] Gromov | Hydrothermal solubilization-hydrolysis-dehydration of cellulose to glucose and 5-hydroxymethylfurfural over solid acid carbon catalysts[END_REF][START_REF] Toles | Granular activated carbons from nutshells for the uptake of metals and organic compounds[END_REF]. XPS analysis was carried out with photoelectron spectrometer SPECS (Germany) with MgKα radiation (hn = 1253.6 eV, 150 W).

Cellulose hydrolysis-dehydration under semi-flow conditions

Catalytic hydrolysis-dehydration of cellulose was carried out in a flow reactor operated under semi-flow conditions (Fig. 2). The stainless steel tube reactor (length 200.00 mm, internal diameter 2.7 mm) was fed by mechanical mixture of cellulose (250 mg) and the catalyst (200 mg). Deionized water was pumped with a rate of 0.5 mL min -1 through the reactor thermostated at the reaction temperature. At the outlet, the reaction mixture was cooled and collected into individual flask during each process hour (0-1 h, 1-2 h, etc.) for HPLC analysis. The reactor was operated in a stop-flow mode. The flow and the stop of water flow were alternated with each other. The flow of water through the reactor was stopped for 0, 10, 20 or 40 min during each hour of the reaction. The total volume of water spent in an experiment was 120, 80, 40 and 20 mL when the water flow was stopped for 0, 10, 20 or 40 min, respectively. Total experimental time was 4 h. 

Analytical techniques

Dionex Ultimate 3000 (Thermo Scientific) apparatus equipped with Rezex ROA-Organic Acids columns (Phenomenex, 300 mm * 5.0 mm) thermostated at 40 °C and RI detector was used for HPLC analysis of the reaction samples. 1.25 mM H 2 SO 4 solution was flowed through the column, and the eluent rate was equal to 0.6 mL min -1 . The analysis of each sample was repeated three times. The analysis error was 2%. Each analysis of the reaction mixtures was carried out three times. The standard deviation of the results was less than 2%. The product yields in the reaction mixtures collected into individual flasks during each hour of the process were calculated as follows (1):

where Y-the product yield, C product -the product concentration (mol L -1 ), V-the volume of a sample collected during 1 h (L), N-a stoichiometric coefficient between a glucan unit and a product (for glucose N = 1, for formic acid N = 6, etc.), m Cellulose -the cellulose mass (g) and M Glucan -the molar mass of glucan in cellulose (162 g mol -1 ).

The total product yields were evaluated as the sum of the yields calculated via the previous formula for each hour of the reaction (2):

(1) 

Y = C product V N m Cellulose M Glucan ⋅ 100 (2) Y Σ = 4 ∑ i=1 Y i

Results and discussion

Catalyst characterization

As mentioned previously, carbon materials appear to be promising catalysts for hydrolytic transformations of cellulose [START_REF] Bhaumik | Solid acid catalyzed synthesis of furans from carbohydrates[END_REF]Guo et al. 2012a;[START_REF] Likholobov | Catalysis by novel carbon-based materials[END_REF]. At the same time, additional modification of carbon surface is needed for the surface acidity to be increased. This stage is unavoidable when designing effective catalysts of cellulose depolymerization. The carbon material Sibunit used to prepare catalysts (Table 2) had a high specific surface area equal to 379 m 2 g -1 and an amount of acidic surface groups (phenolic, lactonic, carboxylic) of only 0.11 mmol m -2 [START_REF] Gromov | Hydrothermal solubilization-hydrolysis-dehydration of cellulose to glucose and 5-hydroxymethylfurfural over solid acid carbon catalysts[END_REF].

The low-temperature adsorption studies revealed a partial destruction of the carbon structure during all the treatment procedures used (Table 2, [START_REF] Gromov | Hydrothermal solubilization-hydrolysis-dehydration of cellulose to glucose and 5-hydroxymethylfurfural over solid acid carbon catalysts[END_REF]. The harsher the chemical treatment of carbon was, the lower the specific surface area was observed, i.e., additional treatment of oxidized catalysts by sulfuric acid caused a more significant decrease in the specific surface area than the oxidation itself. The wet air oxidation was structure-friendlier than the oxidation with nitric acid. Only treatment by H 2 SO 4 at 200 °C led to an increase in the surface area (S BET ) and mesopore volume (V mesopore ). This may result from an "opening" of closed voids formed during synthesis of Sibunit via soot burning from globules of pyrolytic carbon [START_REF] Likholobov | Catalysis by novel carbon-based materials[END_REF].

Qualitative and quantitative analyses of the surface groups were carried out by titration with NaOH and XPS according to techniques described in Sect. Synthesis and characterization of catalysts and previous work [START_REF] Gromov | Hydrothermal solubilization-hydrolysis-dehydration of cellulose to glucose and 5-hydroxymethylfurfural over solid acid carbon catalysts[END_REF]. When treating carbon by oxidizing agent, phenolic, lactonic, carboxylic and sulfo (in the case of treatment by sulfuric acid) groups were formed (Table 2, [START_REF] Gromov | Hydrothermal solubilization-hydrolysis-dehydration of cellulose to glucose and 5-hydroxymethylfurfural over solid acid carbon catalysts[END_REF]. In general, the amount of acid groups on the surface determined by titration with NaOH of catalysts increased by a factor of 3-16 compared to the initial Sibunit sample. Carbons treated by sulfuric acid contained 0.41-1.00 μmol m -2 of acid surface groups. The acid group concentration per surface area of the sample Sib-S200, equal to 1.00 μmol m -2 , was comparable to the one reported previously (1.1 μmol m -2 ) [START_REF] Onda | Selective hydrolysis of cellulose into glucose over solid acid catalysts[END_REF][START_REF] Onda | Hydrolysis of cellulose selectively into glucose over sulfonated activated-carbon catalyst under hydrothermal conditions[END_REF][START_REF] Pang | Hydrolysis of cellulose into glucose over carbons sulfonated at elevated temperatures[END_REF]. The contents of the acid groups varied from 0.80 to 1.12 μmol m -2 after the oxidation and increased up to 1.43-1.76 μmol m -2 after the treatment by H 2 SO 4 .

According to XPS analysis (Table 2, SI, [START_REF] Gromov | Hydrothermal solubilization-hydrolysis-dehydration of cellulose to glucose and 5-hydroxymethylfurfural over solid acid carbon catalysts[END_REF], the surfaces of the developed acid catalysts had basically acidic oxidized species. In samples Sib-S80, Sib-S150, Sib-S200, Sib-WA-S200, Sib-N32-S200 and Sib-N23-S200, two states of sulfur were identified: the sulfides (S 2-) and the sulfo groups ( -SO - 3 ) (Table 2, Fig. S1, SI) [START_REF] Janaun | Role of silica template in the preparation of sulfonated mesoporous carbon catalysts[END_REF][START_REF] Takagaki | Esterification of higher fatty acids by a novel strong solid acid[END_REF]. In pure Sibunit and oxidized samples, Sib-WA, Sib-N32 and Sib-N23, only sulfide state was identified. Seemingly, sulfides were in the untreated Sibunit carbon. Oxidation by wet air or nitric acid did not cause the formation of sulfo groups from sulfides, but -SO - 3 was fixed by treatment with sulfuric acid. The treatment by H 2 SO 4 at 80 °C fixed only sulfo groups on the surface. On the other hand, higher temperature (150 and 200 °C) of the treatment by sulfuric acid caused an additional formation of surface acid species (hydroxyl, carboxylic, lactinic, carbonylic) along with sulfo groups (Table S1, Fig. S2, SI). The oxidation of the carbon surface prevented fixing sulfo groups. Treatment by H 2 SO 4 at 200 °C produced on the surface of Sib-WA-S200, Sib-N32-S200 and Sib-N23-S200 a low quantity of supported sulfo groups. The amount of sulfo groups was two times lower on the surface of Sib-WA-S200, Sib-N32-S200 and Sib-N23-S200 compared to Sib-S200 (Table S1, Fig. S2, SI).

Impact of reaction conditions on cellulose hydrolysis-dehydration

Investigations of carbon catalyst activity were conducted in a flow reactor in this work (Fig. 2). To optimize reaction temperature and water pressure, the experiments without any catalyst were made. The influence of temperature on the reaction was revealed under 25 MPa water pressure and 0.5 mL min -1 water flow. Non-catalytic cellulose hydrolysis-dehydration was firstly made at 180 °C. However, the total yield of the products was only 3% (Table 3, run 1). This value is lower compared to the one previously observed in the batch reactor (7%) [START_REF] Gromov | Hydrothermal solubilization-hydrolysis-dehydration of cellulose to glucose and 5-hydroxymethylfurfural over solid acid carbon catalysts[END_REF]. Such low yields were explained by small reaction contact time in the flow system. In the present study, the contact time determined with the following formula was equal to 2 min (3).

where τ contact -reaction contact time, V react -the volume of the reactor (mL or cm 3 ) determined from its length (L) and radius (r), Q volume -the volume flow rate,

H 2 O
conditions and

H 2 O syringe
-the densities of water under reaction and ambient conditions equal to 0.88 and 1 g mL -1 , respectively.

Because of the low yields, all the experiments were made at 200 °C. This temperature made it possible to increase the product yields and decrease the side product formation. Previously, the temperatures in the range of 200-220 °C were found to be promising for the production of water-soluble products under flow conditions [START_REF] Amarasekara | Acid hydrolysis of cellulose and hemicellulose[END_REF]. To evaluate the water pressure influence on the reaction, the experiments were carried out at 200 ºC and water pressures of 5 and 25 MPa (Table 3, runs 2, 3). The results showed the positive impact of high pressure 25 MPa on the yields of glucose and 5-HMF. However, according to HPLC data, the oligomers were the main products at 200 °C and 25 MPa. To intensify the hydrolysis of oligosaccharides to the major product, the experiments were made under stopslow mode. The water flow was stopped for 10, 20 and 40 min (Table 3, runs 3-6). The stop-flow conditions led to high conversion of oligomers. The yields of glucose were 10, 13 and 17% when the water flow was stopped for 10, 20 and 40 min, respectively. However, in case of 40 min, stop-flow yields of the side products and

(3) contact = V react Q volume ⋅ H 2 O conditions H 2 O syringe = ⋅ r 2 ⋅ L Q volume ⋅ H 2 O conditions

Table 3

Product yields in cellulose hydrolysis-dehydration. Reaction conditions: flow reactor, 250 mg of cellulose, 200 mg of the catalyst, flow rate 0. humins were appreciable which was proven by the dark brown color of the reaction mixtures. Therefore, all the catalytic experiments were carried out under 20-min stop-flow.

Impact of catalyst acidity on cellulose hydrolysis-dehydration

The efficiency of carbon catalysts was investigated at 200 °C under 25 MPa water pressure (Table 3). The yields of the major products per hour and in total were calculated by the formulae described in experimental section. Analysis of the reaction mixtures by HPLC demonstrated that in all the catalytic experiments, glucose and 5-HMF were the main products. Cellobiose was also formed with notable yields. The formation of fructose, furfural, formic and levulinic acids was revealed. Less than 1% yield of levulinic acid was achieved in the experiments carried out in the presence of the catalysts prepared by sulfonation (Sib-S80, Sib-S150 and Sib-S200).

The valuable compounds were predominantly formed during the first hour of reaction (about 70-80% of the total yield, Fig. 3).

In terms of the activity in glucose formation, all the catalysts could be divided into three groups (Fig. 4). Non-treated pure Sibunit carbon was only one catalyst in the first group. Sib sample had the lowest activity, which was slightly higher than the activity of pure water. The yields of glucose and 5-HMF reached 20% and 5%, respectively, in the presence of pure carbon.

The second group of catalysts consisted of the samples treated by sulfuric acid or oxidized by wet air or nitric acid. The yield of glucose over Sib-S200 was higher than the one over Sib-S150. Hydrolytic activity of carbon oxidized by wet air was between Sib-S150 and Sib-S200. In the presence of catalysts prepared by the HNO 3 treatment, the yields of glucose were close to each other and slightly higher than the ones achieved in the case of Sib-S200. Similar yields of glucose over sulfonated and oxidized catalysts can be explained by similar surface acidity. The third group consisted of oxidized-sulfonated carbons. Their activities were significantly (about 1.5-2 times) higher compared to the ones of oxidized and sulfonated samples.

Correlations between the glucose yield and catalyst acidity lead us to conclude that the crucial factor of the activity in the cellulose hydrolysis to glucose was the total surface acidity but not the chemical nature of the groups. Interestingly, the difference of the activities agreed with the total acidity of the catalysts (Fig. 5a). However, Sib-N32-S200 and Sib-N23-S200 demonstrated lower activity compared to Sib-WA-S200 as the efficiency of catalysts was effected by the specific surface area [START_REF] Gromov | Hydrothermal solubilization-hydrolysis-dehydration of cellulose to glucose and 5-hydroxymethylfurfural over solid acid carbon catalysts[END_REF]. The glucose yield obtained in this work was reached under milder temperature conditions (200 °C). HPLC analysis revealed the total yield of 5-HMF equal to 2-10% after the 4 h of the catalytic tests. The catalysts sulfonated by H 2 SO 4 were more active in the dehydration than other samples. The activity of the sulfonated carbons increased as follows: Sib-S150 > Sib-S80 > Sib-S200 (Fig. 6). That is to say, Sib-S150 catalyst which had the highest amount of sulfo groups among all the sulfonated samples (Sib-S80, Sib-S150, Sib-S200) demonstrated the highest activity in terms of 5-HMF formation. Further, the oxidized-sulfonated samples revealed lower activity in the glucose dehydration to 5-HMF compared to oxidized ones. C-WA-S200 had the lowest activity in the dehydration, which was comparable to non-treated carbon. It can be assumed that both acid and sulfo groups were active in dehydration, but the activity of sulfo groups was noticeably higher (Fig. 5b).

Potential of Sibunit carbon catalyst under semi-flow conditions

The highest yield of glucose equal to 75% (product total yield 90%) was reached in the presence of Sib-N32-S200 catalyst in the semi-flow reactor. The concentration of glucose and total amount of products were 29 and 39 mM, respectively, at the end of the experiment. As previously reported, the highest yield of glucose was equal to 45.9% in the presence of Sibunit-based catalyst in a batch reactor at 180 °C [START_REF] Gromov | Hydrothermal solubilization-hydrolysis-dehydration of cellulose to glucose and 5-hydroxymethylfurfural over solid acid carbon catalysts[END_REF]. [START_REF] Zhao | Combined supercritical and subcritical process for cellulose hydrolysis to fermentable hexoses[END_REF][START_REF] Zhao | Combined supercritical and subcritical of cellulose for fermentable hexose production in a flow reaction system[END_REF] achieved 40% glucose yield under combined super-and subcritical conditions (T = 240-380 °C). [START_REF] Sasaki | Cellulose hydrolysis in subcritical and supercritical water[END_REF] reported 75% total yield of cellulose depolymerization products in a flow reactor at 290-400 °C and pressure of 25 MPa. 

Conclusion

The one-pot hydrolysis-dehydration of cellulose to glucose and 5-HMF, which are valuable compounds, has been studied. The catalysts of the process under study were based on the mesoporous graphite-like carbon material Sibunit. To evaluate the optimal method for generation of surface acid groups, the Sibunit carbon was treated by sulfonation with fuming sulfuric acid, oxidation with nitric acid or wet air, as well as additional sulfonation of oxidized carbon samples. The content of acid groups on the surface of catalysts increased by a factor of 3 to 16 compared to the non-treated pure carbon. The catalysts were tested in the cellulose hydrolysis-dehydration process under semi-flow conditions. The carbon catalysts revealed high activity with glucose and 5-HMF being the major products.

Under semi-flow conditions, oxidized-sulfonated catalysts were most perspective for glucose production from cellulose. The highest yield of glucose equal to 75% was obtained in the presence of Sibunit sample oxidized with nitric acid and sulfonated at 200 °C. For an effective cellulose hydrolysis-dehydration to 5-HMF to be carried out, a catalyst should have both high total surface acidity and high amount of sulfo groups. 10% 5-HMF yield can be achieved over Sibunit sample sulfonated at 150 °C.

Fig. 1

 1 Fig. 1 Optimal temperature ranges for processing cellulose

Fig. 2

 2 Fig. 2 Scheme of the flow reactor

  of glucose and 5-HMF formation a-τ-stop-flow time, b-FA is formic acid, LA is a levulinic acid, c -maximal yields described byGromov et al. 
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 3 Fig. 3 Kinetic curves of accumulation of cellulose hydrolysis-dehydration products (a-glucose, b-5-HMF) in the presence of Sibunit catalyst in the flow reactor. Points-accumulation per hour. Bars-total accumulation. 250 mg of cellulose, 200 mg of Sib-WA catalyst, 200 °C, 25 MPa, flow rate 0.5 mL min -1 , stop-flow 20 min, experiment time 4 h

Fig. 4 Fig. 5

 45 Fig.4Accumulation of glucose in cellulose hydrolysis-dehydration process in the presence of Sibunit solid acid catalysts. Reaction conditions: flow reactor, 250 mg of cellulose, 200 mg of the catalyst, 200 °C, 25 MPa, flow rate 0.5 mL min -1 , stop-flow 20 min, experiment time 4 h. + -blank, × -Sib, pre filled inverted triangle-Sib-S80, pre filled diamond-Sib-S150, pre filled star-Sib-S200, square-Sib-WA, pre filled square-Sib-WA-S200, circle-Sib-N32, pre filled circle-Sib-N32-S200, triangle-Sib-N23, pre filled triangle-Sib-N23-S200

Fig. 6

 6 Fig.6Accumulation of 5-HMF in cellulose hydrolysis-dehydration process in the presence of Sibunit solid acid catalysts. Reaction conditions: flow reactor, 250 mg of cellulose, 200 mg of the catalyst, 200 °C, 25 MPa, flow rate 0.5 mL min -1 , stop-flow 20 min, experiment time 4 h. + -blank, × -Sib, pre filled inverted triangle-Sib-S80, pre filled diamond-Sib-S150, pre filled star-Sib-S200, square-Sib-WA, pre filled square-Sib-WA-S200, circle-Sib-N32, pre filled circle-Sib-N32-S200, triangle-Sib-N23, pre filled triangle-Sib-N23-S200

Table 1

 1 Techniques used for the modification of Sibunit carbon surface

	Catalyst	Preparation technique	
	Sib	Mesoporous carbon material Sibunit used for the preparation of all the catalysts
	Sib-S80	Sulfonation by fuming H 2 SO 4 at 80	°C
	Sib-S150	Sulfonation by fuming H 2 SO 4 at 150	°C
	Sib-S200	Sulfonation by fuming H 2 SO 4 at 200	°C
	Sib-WA	Oxidation by wet air mixture at 450	°C
	Sib-N32	Oxidation by 32 v/v.% HNO 3 solution at 90	°C
	Sib-N23	Oxidation by 23 v/v.% HNO 3 solution at 90	°C
	Sib-WA-S200 Subsequent oxidation by wet air mixture at 450 °C and sulfonation by fuming H 2 SO 4 at 200 °C
	Sib-N32-S200 Subsequent oxidation by 32 v/v.% HNO 3 solution at 90 °C and sulfonation by fuming H 2 SO 4 at 200 °C
	Sib-N23-S200 Subsequent oxidation by 23 v/v.% HNO 3 solution at 90 °C and sulfonation by fuming H 2 SO 4 at 200 °C

Table 2

 2 Textural characteristics of Sibunit catalysts determined by low-temperature N 2 adsorption, the content of acid groups on the surface of the catalysts measured by titration with NaOH and atom concentrations of different element states of the sample surface according to XPS[START_REF] Gromov | Hydrothermal solubilization-hydrolysis-dehydration of cellulose to glucose and 5-hydroxymethylfurfural over solid acid carbon catalysts[END_REF] 

	Atom concentrations of different element states revealed by XPS	
		C acid groups , (μmol m -2
	Textural characteristics	S BET , (m 2 g -1 ) V (cm 3 mesopore , g -1 )
	Catalyst	
	#	
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