One-pot synthesis of sorbitol via hydrolysis-hydrogenation of cellulose in the presence of Ru-containing composites
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Abstract

The catalytic activity of Ru-containing composites based on H3PW12O40 supported on ZrO2 and Nb2O5 (Ru-PW/ZrO2 and Ru-PW/Nb2O5) in the one-pot synthesis of sorbitol via hydrolysis-hydrogenation of cellulose was demonstrated. The main parameters impacted the reaction rate and yield of sorbitol, i.e. reaction conditions and type of catalyst were investigated. Ru-PW/ZrO2 systems were more active than Ru-PW/Nb2O5. The yield of sorbitol was found to depend on the activation temperature of PW/ZrO2 and PW/Nb2O5 which affected textural properties, the amount of acid sites and size of Ru nanoparticles. The highest 66% sorbitol yield was observed in the presence of 3%Ru-PW/ZrO2 activated at 550 °C and 1/1 of weight ratio of cellulose/catalyst, 180 °C, 7 MPa hydrogen pressure. This catalyst was stable for three cycles of the reaction without lost of it's activity.
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1. Introduction
Nowadays, the search for alternative resources for energy and petrochemistry is an perspective field of investigations. The plant raw materials seem to be one of the most promising resources due to its renewability as the principal advantage. The main component of the plant raw materials is cellulose (up to 70 %) 
 ADDIN EN.CITE 
(Bruggink et al., 2003; Gallezot & Kiennemann, 2008; van Putten et al., 2013; Van de Vyver et al., 2011)
 which is of ever increasing interest in the recent decade to be converted to valuable chemicals and liquid fuels Murzin & Simakova, 2013()
. In the recent years, a one-pot hydrolysis-hydrogenation of cellulose into sorbitol is widely investigated. The one-pot cellulose transformation appears to be very perspective due to economic and environmental advantages. Sorbitol is very useful in the chemical and food industries, pharmaceutics and medicine Bruggink et al., 2003(; Gallezot & Kiennemann, 2008)
. Two main approaches to development of the one-pot process are suggested. Using a two-component mixture of catalysts (an acid catalyst for hydrolysis and a red-ox catalyst for hydrogenation) in one reactor is the first one. The second approach to the one-pot processing cellulose is the application of a bifunctional catalyst for hydrolysis-hydrogenation of the polysaccharide. The application of bifunctional solid catalysts is most attractive and efficient way of the direct processing cellulose to the target product due to increasing process selectivity and acceleration of mass transfer of the intermediates between the catalytic centers. The use of these catalysts allows the number of process stages to be decreased and the formation of glucose dehydration side-products to be minimized due to the fast transformation of monosaccharide into polyols. The design of solid bifunctional catalysts for cellulose hydrolysis-hydrogenation to sorbitol presume deposition of dispersed metals which are red-ox active centers of glucose hydrogenation to sorbitol; on the other hand, the surface of solid acid supports bears acid sites being active in hydrolysis of cellulose to glucose. 
The solid bifunctional catalysts containing both acid-base and red-ox active sites have been suggested for processing cellulose to sorbitol. Among metals such as Ru, Rh, Ir, Pt, Pd, Ni, Co, it is ruthenium that exhibits the greatest activity 
 ADDIN EN.CITE 
(Deng et al., 2009; Fukuoka & Dhepe, 2006; Kobayashi et al., 2011; Li et al., 2019)
. Various materials were tested as acid supports, for example, oxides, zeolites, carbon materials 
 ADDIN EN.CITE 
(Fukuoka & Dhepe, 2006; Li et al., 2019)
. At the same time, the development of solid catalysts based on heteropoly acids (HPA) 
 ADDIN EN.CITE 
(Chambon et al., 2011; Tian et al., 2011)
, representing either water insoluble cesium salts 
 ADDIN EN.CITE 
(Geboers et al., 2011; Liu et al., 2011)
, or HPA immobilized on the surface of chemically stable compounds, such as oxides, is promising. Different bifunctional systems of Ru nanoparticles supported on different supports are suggested for the one-pot hydrolysis-hydrogenation of cellulose to sorbitol: Ru/CsHPA 
 ADDIN EN.CITE 
(Gromov et al., 2020; Liu et al., 2011)
, Ru/H-USY Liu et al., 2011()
, Ru/SiO2-SO3H Zhu et al., 2014()
, Ru/NbOPO4 Xi et al., 2013()
, Ru/CNT Deng et al., 2009()
. Among them catalysts of ruthenium supported on HPAs seems to be the most perspective Liu et al., 2011()
. To our knowledge, Ru-HPA/ZrO2 and Ru-PW/Nb2O5 catalysts with extremely high stability under hydrothermal conditions have not been previously used for the hydrolysis-hydrogenation of cellulose to sorbitol. 
The aim of the study was to evaluate the influence of the catalyst design on the activity of bifunctional Ru-HPA/ZrO2 and Ru-PW/Nb2O5 catalysts in one-pot hydrolysis-hydrogenation of cellulose to sorbitol. 
2. Materials and Methods
2.1. Materials

5-Hydroxymethylfurfural (> 98%, Acros), D-fructose (>99%, Sigma-Aldrich), D-mannose (> 99%, Sigma-Aldrich), D-glucose (99%, Fisher Chemical), D-cellobiose (> 99%, Alfa Aesar), levulinic acid (98%, Acros), mannitol (> 98%, Alfa Aesar), sorbitol (98%, Alfa Aesar), ethylene glycol (99%, Acros), 1,2-propylene glycol (99%, Acros) were used as HPLC standards. Catalysts were prepared using ZrOCl2·8H2O (98%, Sigma Aldrich), NbCl5 (99%, Sigma Aldrich), H3PW12O40·19H2O (99.9%, Sigma Aldrich), RuCl3·2H2O (35.0 % Ru content, Acros Organics). Mechanical activated microcrystalline cellulose (> 99%, fraction < 0.10 mm, Vekton Co., Russia) was used as a substrate. Argon (99.998%) as an inert gas and hydrogen (99.99%) was used for hydrogenation. Water purified with a Milli-Q unit (Millipore, France) was used for preparation of all catalysts and solutions.

2.2. Synthesis of catalysts
ZrO2 and Nb2O5 were synthesized from ZrOCl2 or NbCl5 respectively and NH4OH by the precipitation of amorphous hydrous oxides at pH 10, then solid was separated, washed and oven-dried at 110 oC for 15 h and 300 oC in air for 3 h Alsalme et al., 2010()
. X-ray patterns of ZrO2 samples pointed to the formation of monoclinic ZrO2 phase (2( diffraction peaks at 28.3 (-111), 31.5 (111), 34.3 (-211), 40.7 (020), 50.3 (220) (JCPDS No. 65–1022)) and tetragonal ZrO2 phase (2( diffraction peaks at 30.1 (111), 35.2 (200), 50.4 (220) (JCPDS No. 17-0923). When increasing the calcination temperature, zirconia gradually crystallizes to the tetragonal phase. The formation of hexagonal phase of Nb2O5 is revealed by the analysis of diffraction patterns (2( of 22.6, 28.5, 36.7, 46.20 (JCPDF028-0317)). The results obtained are consisted with the data of López-Salinas et al., 2000()
.
To prepare PW/ZrO2 and PW/Nb2O5 supports, H3PW12O40 (25 wt.%) was impregnated on the oxide, dried at 110 °C in air for 3 h and then calcined at 450, 550 and 650 °C in air for 3 h. According to IR spectroscopy (Fig. 1), adsorption of PW onto the surface of the support and the subsequent calcination of the samples at 450-650 °C causes disappearing the bands related to Keggin structure of HPA (1082 (stretching vibrations of PO4), 982 (as (М=O)), 891 and 798 (stretching vibrations of linear and angular bridging groups M-O-M) cm-1 are observed) that are consistent with the data of Srilatha et al., 2009()
 and studies of the state of the HPA on ZrO2 and Nb2O5 surfaces by the 31P (MAS) NMR spectroscopy Alsalme et al., 2010()
. Amount of Brønsted acid sites (BAS) and Lewis acid sites (LAS)) in PW/ZrO2 (450-650 °С) and PW/Nb2O5 (450-650 °С) samples was studied by IR spectroscopy using pyridine as probe molecule (Table 1). The analysis method is described in Timofeeva et al., 2015()
. IR spectra were recorded on a Shimadzu FTIR-8300S spectrometer in the range between 400 and 6000 cm–1 with a resolution of 4 cm-1. The textural properties and main physicochemical characteristics of PW/ZrO2 (450-650 °С) and PW/Nb2O5 (450-650 °С) are given in Table 1.
RuCl3 has been precipitated on PW/ZrO2 (450-650 °С) and PW/Nb2O5 (450-650 °С) from an aqueous solution in such a manner 3.0 %wt. Ru0 should be formed. Reduction of Ru precursor to Ru0 metal state was made under hydrogen flow at 250 °C during 3 h. The textural properties of samples are shown in Table 1. The data of transmission electron microscopy (TEM) show that ruthenium is highly dispersed and metal nanoparticles has a rather narrow particle size distribution (0.7-1.4 nm) (Table 1). The average size of ruthenium particles increases when the calcination temperature of the supports rises up from 450 to 650 °C.

2.3. Instrumental measurements

Texture of the prepared samples was characterized by low-temperature nitrogen adsorption at -204 °C using an ASAP-2400 apparatus (Micrometritics, USA). All the samples were vaccumized at 130 °C. Specific surface areas were calculated using the BET model and STSA equation, as well as the comparative method with the Cabor BP 280 carbon as the reference. Pore size distribution was estimated based on QSDFT and NLDFT calculations. 

A JEM-2010 instrument (JEOL, Japan) with the accelerating voltage 200 kV and resolution 1.4 Å was used for transmission electron microscopic (TEM) studies. For TEM measurements to be made particles of catalysts under investigation were placed on perforated carbon substrates fixed on cupper or molybdenum nets.
The X-ray diffraction patterns were acquired using а X-ray diffractometer (ThermoARL) with Cu-K( (( = 1.5418 Å) radiation. The POLYCRYSTAL program package was used to determine the unit lattice constants by the least squares method Tsybulya et al., 1996()
. Chemical analyses were done by an inductively coupled plasma-atomic emission spectrometry (ICP-AES) using a PERKIN-ELMER instrument OPTIMA 4300.

IR spectra were acquired on a Shimadzu FTIR-8300S spectrometer in the range between 400 and 6000 cm-1 with a resolution of 4 cm-1.
The element leaching from the catalysts was measured by ICP-OES with Optima 4300 DV spectrophotometer (PerkinElmer Inc., USA). 

2.4. Catalyst tests

A high-pressure autoclave (Autoclave Engineers, USA) was used for hydrolysis-hydrogenation of cellulose at weight ratio cellulose/catalyst of (1-2)/1, 170-190 °C and 1-7 MPa hydrogen atmosphere under vigorous stirring 1500 rpm. Content of cellulose was 10 g L-1. Weighed cellulose and catalyst samples were placed to the reactor, after that 45 mL of water were added. The reactor was closed and cleaned with argon, and fed with hydrogen (5 MPa), then heating was started. As soon as the required temperature was reached (that took ca. 20 min), a zero sample was collected using a sampler. Samples to be analyzed were drawn from the autoclave during the reaction in 0, 1, 2, 3, and 5 h. Sample volume was 1 mL.

Reaction products were analyzed by HPLC (Shimadzu Prominence LC-20) equipped with refractive index and diode array detectors. Rezex RPM-Monosaccharide Pb2+ column thermostated at 70 °C was used for analyzing sugars and polyols. Deionized water was prepared in a Milli-Q apparatus (Millipore, France) and used as the eluent at the rate of 0.6 mL min-1.

Yields (%) of cellulose hydrolysis-hydrogenation products were calculated as follows 
 ADDIN EN.CITE 
(Gromov et al., 2016; Gromov et al., 2018; Gromov et al., 2020)
:
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where Y was a product yield, Cpr was a product concentration (mol L-1), V was reaction mixture volume (L), NС was a coefficient taking into consideration carbon molar ratio of a product and glucan in cellulose (NC=1 for glucose and sorbitol), mCell was a weight of cellulose (g), Mgly was a molar weight of glucan in cellulose (162 g·mol-1).

Selectivities of product formation were determined according to the formula:
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where S was a product selectivity, Y was a product yield, CCell was a percent of cellulose hydrolyzed or hydrolyzed-hydrogenated to water-soluble products.
Percent of cellulose hydrolyzed or hydrolyzed-hydrogenated to water-soluble products (CCell) was revealed from the total organic carbon (TOC) analysis data obtained using Multi N/C 2100S TOC Analyzer (Analytik Jena, Germany) as we discussed previously Gromov et al., 2017()
. A 500 μL aliquot of the reaction mixture was added into an analyzer injector. Time of analysis was 7 min. The amount of organic carbon (g·L-1) was calculated based on the calibration curves plotted before.

Each cellulose depolymerization experiment was repeated three times. Each analysis of the reaction mixtures was carried out three times. The standard deviation of the results was less then 3%.

3. Results and Discussion

3.1. Catalytic properties of PW/ZrO2 and PW/Nb2O5
First of all, the stability of the PW/ZrO2 and PW/Nb2O5 systems was investigated in hydrothermal conditions before testing in the cellulose transformation reaction. AES-ICP analysis of waste waters was made to follow the destruction of the PW/ZrO2 and PW/Nb2O5. The systems dried at 110 °C demonstrated low stability because of significant leaching of HPA to the solution. The samples calcined at 450-650 °C demonstrated significant stability. 
It is well-known that one-pot synthesis of polyalcohols proceeds via two steps. The first step is hydrolysis of cellulose to glucose over acid sites. Amount and strength of these sites strongly affect the rate of this step. 

The catalytic properties of the PW/ZrO2 and PW/Nb2O5 systems were studied in the hydrolysis reaction of mechanically activated microcrystalline cellulose. The experiments have been carried out in a high-pressure autoclave at 180 °C under 1 MPa argon inert atmosphere. According to the HPLC analysis data, the main products were glucose, 5-HMF, mannose, fructose, cellobiose. The yields and the selectivities for the products as well as the percent of cellulose hydrolyzed to water-soluble products reached are presented in Table 2. Noteworthily, humins can be formed in the course of the cellulose depolymerization reaction. This may be confirmed by differences between percent of cellulose hydrolyzed to water-soluble products and amount of products identified after 5 h of the reaction (Table 2). Moreover, this also proves by the appearance of a color of reaction mixture.
Note that percent of cellulose hydrolyzed to water-soluble products did not exceed 21% over the supports studied. In general, an increase in the reaction time from 1 to 5 h decreases the selectivity of cellobiose formation due to its conversion to glucose, the proportion of which among the products rises up. Also, the amounts of mannose and fructose are significant in 1 h of the reaction, but they also decrease due to conversion to glucose in 5 h (Table 2). However, the accumulation of mannose and fructose is observed over most acid catalysts (PW/ZrO2-450, pure Nb2O5 and PW/Nb2O5-450) in 5 h (Fig. 2). 5-HMF is accumulated unless the experiments made with most acid catalysts (PW/ZrO2-450, pure Nb2O5 and PW/Nb2O5-450) when the amount of 5-HMF decreases due to its conversion to side compounds (Table 2).
Percent of cellulose hydrolyzed to water-soluble products correlates with the surface acidity of the catalysts determined as the point of zero charge (pHPZC, Fig. 3). The percent of cellulose hydrolyzed to water-soluble products rises with increasing surface acidity. It should be emphasized, that the acidity depends on the preliminary activation temperature of the catalysts (Fig. 3). The efficiency of PW/Nb2O5 is higher compared to PW/ZrO2. As pure zirconia has very low acidity, PW/ZrO2 systems are more active than the heteropoly acid unpromoted zirconium oxide. At the same time, pure niobium oxide has a sufficiently high acidity compared to ZrO2 what allows for Nb2O5 to be noticeably active in the cellulose depolymerization. However, both the deposition of a heteropoly acid on the surface of Nb2O5 and the subsequent calcination of niobium oxide at 550 and 650 °C decrease the total acidity and as a result the activity in the hydrolysis of cellulose. 
3.2. Catalytic properties of 3%Ru-PW/ZrO2 and 3%Ru-PW/Nb2O5
3%Ru-PW/ZrO2 and 3%Ru-PW/Nb2O5 catalysts were tested in the cellulose hydrolysis-hydrogenation in a high-pressure autoclave at weight ratio cellulose/catalyst of (1-2)/1, 170-190 °C and 1-7 MPa hydrogen atmosphere. The main results are presented in Table 3. The major reaction product was sorbitol. Sub-products, i.e. glucose, mannose, fructose, mannitol, ethylene and 1,2-propylene glycols were found in the reaction medium. 
Effect of activation temperature of PW/MxOy support. 
 ADDIN EN.CITE 
Alsalme et al., 2010; Devassy et al., 2002
 showed that activation temperature of PW/MxOy (M = Nb, Zr) allowed to control rates of benzylation and acylation reactions. According to experimental data (Fig. 4A, Table 3), the conversion of cellulose and yield of sorbitol can also be adjusted by the preactivation temperature of PW/ZrO2 and PW/Nb2O5 supports (Fig. 4A). The conversion of cellulose decreases with increasing calcination temperature. Such a dependence can be explained by several reasons. First of all, the reaction rate should depend on the amount of acid sites. One can see from Fig 4B, conversion of cellulose rises with increasing amount of BAS determined by IR spectroscopy using pyridine as a probe molecule. 
Other reason can be an impact of Ru particle size (Fig. 5). percent of cellulose hydrolyzed-hydrogenated to water-soluble products decreases with increasing Ru particle size (Fig. 4C). Interestingly, ruthenium particle size correlates with amount of LAS. Thus, an increase in LAS density from 0.74 to 1.78 μmol·m-2, cellulose conversion decreases from 87 to 53%. It can be assumed that the formation of LAS is associated with the interaction of Ru particles with an oxide support. This assumption is consistent with an increase in LAS density with an increase in the size of ruthenium particles (Fig. 5). 

Effect of type of PW/MxOy support. Unlike the cellulose hydrolysis reaction, the activity of 3%Ru-PW/Nb2O5 systems have lower activity compared to 3%Ru-PW/ZrO2. Thus, the yields of sorbitol are 49 and 36% in the presence of 3%Ru-PW/ZrO2-550 and 3%Ru-PW/Nb2O5-550, respectively in 7 h of the reaction (Table 3). The decrease in the rate of cellulose hydrolysis in the case of 3%Ru-PW/Nb2O5 can be explained by several reasons. First of all, the difference in activities is associated with a low amount of BAS in 3%Ru-PW/Nb2O5 (10 μmol·g-1) compared with 3%Ru-PW/ZrO2 (190 μmol·g-1). Another reason for the low activity of 3%Ru-PW/Nb2O5 can be the larger size of ruthenium nanoparticles (0.9 - 1.4 nm) compared with 3%Ru-PW/ZrO2 (0.7-0.9 nm) (Table 1). The sorbitol yield is also lower in the presence of 3%Ru-PW/Nb2O5. We can assume that the decrease in sorbitol yield is due to the influence of the interaction force of ruthenium particles with the support (PW/Nb2O5), which leads to a shift in the binding energy of internal d-electrons to a higher energy region, and thus, to a decrease in the hydrogenation rate. Based on the difference between the energy of electron affinity for zirconium (41.4 kJ·mol-1) and niobium (86.1 kJ·mol-1), the interaction of ruthenium particles is stronger in the case of 3%Ru-PW/Nb2O5. 
Effect of experimental conditions. The most active catalyst 3%Ru-PW/ZrO2-550 was used for the optimization of reaction conditions. Firstly, effect of catalyst loading in the reaction mixture on conversion of cellulose and yield of sorbitol was investigated (Table 3). The process was studied at 180 °C and 5 MPa of hydrogen. The yield of sorbitol (YSorb) and the percent of cellulose hydrolyzed-hydrogenated to water-soluble products (CCell) was found to be 25 and 40%, respectively, when weight ratio of cellulose/catalyst was 2/1. YSorb and CCell were 49 and 82%, respectively, after twice increasing catalyst amount.
Secondly, effect of reaction temperature on conversion of cellulose and yield of sorbitol was investigated. Reaction was investigated at 5 MPa of hydrogen and 1/1 weight ratio of cellulose/catalyst. It was found that, the maximum yield 49% was observed at 180 °C (Table 3). In the presence of 3%Ru-PW/ZrO2-550 catalyst which provided the highest yield of sorbitol, the cellulose hydrolysis-hydrogenation activation energy equal to 105±10 kJ mol-1 was evaluated. This result is close to one determined in the presence of 1%Ru/Сs3.5H0.5SiW12O40 (120±5 kJ·mol-1) Gromov et al., 2020()
, sulfonated chloromethyl polystyrene resin (83 kJ·mol-1) Shuai & Pan, 2012()
, and sulfonated carbon materials (110 kJ·mol-1) Suganuma et al., 2008


( ADDIN EN.CITE ; Yamaguchi et al., 2009)
.
Finally, dependence of conversion of cellulose and yield of sorbitol on the hydrogen pressure was studied. Reaction was investigated at 1/1 of weight ratio of cellulose/catalyst, 1-7 MPa of pressure of hydrogen and 180 °C. According to the data shown in Table 3, the yield of sorbitol rose from 41 to 66% with increasing hydrogen pressure from 1 to 7 MPa. The maximum yield of sorbitol equal to 66% was observed at 7 MPa. The higher hydrogen pressure also favored the increasing the percent of cellulose hydrolyzed-hydrogenated to water-soluble products. 
Experimental conditions also favored hydrogenolysis process that was confirmed by the formation of sub-products, such as ethylene glycol (EG) and 1,2-propyene glycol (1,2-PG). Interestingly, the yield of these products decreased from 20 to 15% with increasing hydrogen pressure from 1 to 7 MPa, while molar ratio of 1,2-PG/EG rose from 3.5 to 4.4. The formation of 1,2-PG and EG from cellulose via hydrolysis-hydrogenolysis reaction in the presence of 2%Ru/ZrO2 at pH 8 (phosphate buffer) was demonstrated earlier Deng et al., 2010()
. The yields of 1,2-PG and EG were 13.9 and 15.3%, respectively at 225 °C and 6 MPa H2. Probably, the higher molar ratio 1,2-PG/EG observed in our case can be explained by the higher acidity of the reaction mixture (pH = 5.1). 
3.3. Catalytic potential of 3%Ru-PW/ZrO2
It is interesting to compare the efficiencies of the most active 3%Ru-PW/ZrO2-550 investigated in this study with some of catalysts reported in the literature. Almohalla et al. investigated catalytic properties of 0.4%Ru/H3PW12O40/AC and 0.4%Ru/H4SiW12O40/AC at 0.75/0.3 of weigth ratio of cellulose to catalyst, 5 MPa of hydrogen and at 205oC 
 ADDIN EN.CITE 
(Almohalla et al., 2018)
. In the presence of 0.4%Ru/H3PW12O40/AC and 0.4%Ru/H4SiW12O40/AC yields of sorbitol for 5 h of reaction were 17 and 12%, respectively. Catalytic properties of 3.2%Ru/16.7%H3PW12O40/MIL-100(Cr) was investigated by Xie et al.Xie et al., 2014


 ( ADDIN EN.CITE )
 at 0.05/0.03 of weigth ratio of cellulose to catalyst, 7 MPa of hydrogen at 190oC. It was demonstrated that yield of sorbitol for 2 h of reaction was 19%. 
Because experimental conditions were different, their efficiencies were estimated as turnover frequency (TOF):


[image: image3.wmf]Sorb

Cell

TOF

m

m

=

×t

 

where mSorb and mCat were weight of sorbirol and catalyst (g), respectively; τ was a reaction time (h). TOF values (gSorb/(gCat·h)) for 3.2%Ru/16.7%H3PW12O40/MIL-100(Cr), 0.4%Ru/H3PW12O40/AC and 0.4%Ru/H4SiW12O40/AC were 0.04, 0.08 and 0.06, respectively. These values are lower in compared with that for 3%Ru-PW/ZrO2-550 (0.10 gSorb/(gCat·h)), i.e. efficiency of 3%Ru-PW/ZrO2-550 is higher than catalysts reported in literature. This assertion also follows from the comparison experimental conditions of these catalytic systems with that of 3%Ru-PW/ZrO2-550 and yields of sorbitol. 
Another important point is the reusability and recyclability of 3%Ru-PW/ZrO2-550 catalyst. The process was studied at 1/1 of weight ratio of cellulose/catalyst, 180 °C and 5 MPa of hydrogen for 7 h. After each catalytic test, the catalyst was separated from the reaction mixture via centrifugation, washed by Milli-Q water, dried at 103 °C for 12 h and then used in the next cycle. It was found that 3%Ru-PW/ZrO2-550 can be used without notable loss in catalytic activity during at least 3 catalytic cycles. The yield of sorbitol and percent of cellulose hydrolyzed-hydrogenated to water-soluble products in 3 cycles were 49, 47, 47% and 82, 80, 80%, respectively. 
4. Conclusions

Catalytic efficiency of Ru-containing catalytic systems (3%Ru-PW/ZrO2 and 3%Ru-PW/Nb2O5) was investigated in cellulose hydrolysis-hydrogenation to sorbitol under hydrothermal conditions. 3%Ru-PW/ZrO2 were more active compared to 3%Ru-PW/ Nb2O5. Maximal yield of sorbitol equal to 66% was achieved in the presence of Ru-PW/ZrO2 calcined at 550 oC and at 1/1 of weight ratio of cellulose/catalyst, 180 °C, 7 MPa of hydrogen pressure, for 7 h. High activity of the 3%Ru-PW/ZrO2-550 catalyst was explained by significant specific surface area of the metal nanoparticles. The catalyst could be used without notable loss in catalytic activity during at least 3 catalytic cycles.
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Figure 1. IR spectra of PW/ZrO2 and PW/Nb2O5 dried at 110 °C and calcined at 450-650 °C

Figure 2. Yields of the main products of cellulose hydrolysis in the presence of PW/Nb2O5-450
Figure 3. Correlations between surface acidity (pHPZC) and percent of cellulose hydrolyzed to water-soluble products (CCell) after 1 and 5 h of the reaction.
Figure 4. The correlation between percent of cellulose hydrolyzed-hydrogenated to water-soluble products (CCell) and activation temperature of PW/ZrO2 and PW/Nb2O5 (А), BAS amount (B) and Ru particle size in 3%Ru-PW/Nb2O5 (С).
Figure 5. The correlation between LAS density, Ru particle size and the percent of cellulose hydrolyzed-hydrogenated to water-soluble products (CCell).
Table 1. Textural and physicochemical properties of PW/ZrO2, PW/Nb2O5 and 3%Ru-PW/ZrO2, 3%Ru-PW/Nb2O5 systems. 

	Catalysts
	А( [a]

(m2g-1)
	V( [b]

(cm3g-1)
	Dpore [c]
(nm)
	Ru particle size

(nm)
	Acid properties

	
	
	
	
	
	рНPZC
	BAS [d]
((mol/g)
	LAS [d]
((mol/g)

	ZrO2
	204
	0.146
	32
	-
	5.82
	-
	-

	PW/ZrO2-450
	112
	0.117
	40
	-
	3.48
	66
	157

	PW/ZrO2-550
	93
	0.106
	43
	-
	3.89
	46
	176

	PW/ZrO2-650
	56
	0.081
	45
	-
	3.99
	29
	190

	3%Ru-PW/ZrO2-450
	55
	0.051
	37
	0.7 ± 0.1
	-
	-
	-

	3%Ru-PW/ZrO2-550
	36
	0.051
	58
	0.9 ± 0.2
	-
	-
	-

	3%Ru-PW/ZrO2-650
	39
	0.069
	70
	0.9 ± 0.2
	-
	-
	-

	Nb2O5
	226
	0.195
	31
	-
	3.01
	-
	-

	PW/Nb2O5-450
	72
	0.079
	34
	-
	2.67
	45
	48

	PW/Nb2O5-550
	35
	0.066
	48
	-
	3.15
	32
	64

	PW/Nb2O5-650
	15
	0.055
	83
	-
	3.36
	10
	48

	3%Ru-PW/Nb2O5-450
	65
	0.065
	39
	0.9 ± 0.1
	-
	-
	-

	3%Ru-PW/Nb2O5-550
	41
	0.061
	60
	1.2 ± 0.2
	-
	-
	-

	3%Ru-PW/Nb2O5-650
	27
	0.055
	81
	1.4 ± 0.4
	-
	-
	-


[a] А( - specific surface area; [b] V( - a total pore volume; [c] Dpore - an average pore diameter; [d] Amount of Lewis and Bronsted acid sited determined by IR spectroscopy using pyridine as probe molecule.
Table 2. Hydrolysis of cellulose in the presence of PW/ZrO2 and PW/Nb2O5 [a]
	Run
	Catalysts
	Time, (h)
	CCell[b]
(%)
	S[c], (%)
	SΣ[c]
(%)

	
	
	
	
	Cellob
	Glu
	Mann
	Fru
	5-HMF
	

	1
	ZrO2
	1
	1
	12
	12
	53
	0
	24
	100

	2
	
	5
	5
	13
	16
	17
	10
	43
	100

	3
	PW/ZrO2-450
	1
	8
	11
	27
	12
	0
	50
	100

	4
	
	5
	15
	3
	19
	16
	3
	32
	73

	5
	PW/ZrO2-550
	1
	3
	11
	14
	32
	16
	27
	100

	6
	
	5
	13
	2
	17
	15
	6
	31
	72

	7
	PW/ZrO2-650
	1
	3
	10
	12
	40
	1
	37
	100

	8
	
	5
	12
	1
	19
	20
	4
	40
	84

	9
	Nb2O5
	1
	9
	6
	8
	6
	6
	75
	100

	10
	
	5
	18
	3
	18
	8
	5
	45
	68

	11
	PW/Nb2O5-450
	1
	11
	10
	32
	11
	0
	47
	100

	12
	
	5
	21
	2
	21
	13
	4
	19
	60

	13
	PW/Nb2O5-550
	1
	4
	18
	25
	13
	0
	44
	100

	14
	
	5
	16
	1
	27
	5
	1
	50
	84

	15
	PW/Nb2O5-650
	1
	4
	20
	34
	24
	0
	22
	100

	16
	
	5
	15
	5
	43
	4
	5
	24
	87


[a] Reaction conditions: 10 g L-1 of Cellulose, 10 g L-1 of catalyst, 1 MPa of Ar, 180°C. [b] Percent of cellulose hydrolyzed to water-soluble products measured by TOC analysis. [c] S - selectivity, SΣ ‒ sum of selectivities measured for all the products. 
Table 3. One-pot hydrolysis-hydrogenation of cellulose in the presence of 3%Ru-PW/ZrO2 and 3%Ru-PW/N2O5[a]

	№
	Catalysts
	Time

(h)
	P[c]
	T
	СCell[d]
(%)
	Selectivity[b], (%)
	YMannitol[e]
(%)
	YSorb[e]
(%)

	
	
	
	MPa
	(°C)
	
	Glu
	Fru
	Mann
	Mannitol
	Sorbitol
	
	

	1
	3%Ru-PW/Nb2O5-450
	1
	5
	180
	51
	16
	5
	2
	5
	19
	4
	10

	2
	
	7
	5
	180
	87
	2
	2
	1
	10
	29
	9
	25

	3
	3%Ru-PW/Nb2O5-550
	1
	5
	180
	37
	1
	2
	1
	9
	52
	3
	19

	4
	
	7
	5
	180
	76
	0
	1
	1
	6
	48
	5
	36

	5
	3%Ru-PW/Nb2O5-650
	1
	5
	180
	39
	0
	4
	2
	8
	37
	3
	14

	6
	
	7
	5
	180
	53
	0
	2
	1
	8
	34
	4
	18

	7
	3%Ru-PW/ZrO2-450
	1
	5
	180
	40
	9
	2
	3
	9
	48
	4
	20

	8
	
	7
	5
	180
	92
	2
	1
	1
	9
	45
	9
	41

	9
	3%Ru-PW/ZrO2-650
	1
	5
	180
	36
	4
	0
	2
	9
	55
	3
	20

	10
	
	7
	5
	180
	74
	1
	0
	1
	8
	62
	6
	45

	3%Ru-PW/ZrO2-550

	11
	
	1
	5
	180
	46
	4
	1
	2
	9
	52
	4
	24

	12
	
	7
	5
	180
	82
	1
	1
	1
	10
	59
	8
	49

	13
	
	7
	5
	170
	68
	1
	1
	0
	7
	52
	5
	37

	14
	
	1
	5
	190
	63
	2
	1
	1
	6
	39
	6
	41

	15
	
	7
	5
	190
	95
	2
	2
	5
	14
	56
	8
	32

	16[f]
	
	7
	5
	180
	40
	2
	1
	0
	9
	22
	5
	25

	17
	
	7
	1
	180
	76
	7
	1
	0
	12
	44
	11
	41

	18
	
	7
	3
	180
	83
	2
	1
	1
	9
	49
	8
	46

	19
	
	7
	7
	180
	95
	2
	1
	0
	11
	63
	12
	66


[a] Reaction conditions: 10 g L-1 of Cellulose, 10 g L-1 of catalyst, 5 MPa of hydrogen [b] Other products were ethylene glycol, propylene glycol, glycol aldehyde, erythrose, dihydroxyacetone, glyceraldehyde etc. [c] Hydrogen pressure. [d] Percent of cellulose hydrolyzed-hydrogenated to water-soluble products measured by TOC analysis. [e] Yield of product. [f] Catalyst concentration was 5 g L-1. 
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Figure 1. IR spectra of PW/ZrO2 and PW/Nb2O5 dried at 110 °C and calcined at 450-650 °C
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Figure 2. Yields of the main products of cellulose hydrolysis in the presence of PW/Nb2O5-450
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Figure 3. Correlations between surface acidity (pHPZC) and percent of cellulose hydrolyzed to water-soluble products (CCell) after 1 and 5h of the reaction.
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Figure 4. The correlation between percent of cellulose hydrolyzed-hydrogenated to water-soluble products (CCell) and activation temperature of PW/ZrO2 and PW/Nb2O5 (А), BAS amount (B) and Ru particle size in 3%Ru-PW/Nb2O5 (С).
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Figure 5. The correlation between LAS density, Ru particle size and the percent of cellulose hydrolyzed-hydrogenated to water-soluble products (CCell). 
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