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Editorial on the Research Topic
 Aqueous-Phase Catalytic Conversions of Renewable Feedstocks for Sustainable Biorefineries



Today, a major research field with enormous growth potential is green catalytic conversions of renewable biomass and its downstream products which decisively contributes to the transition from a fossil-based society into a carbon neutral, sustainable, bio-based economy. Especially interesting is the topic of aqueous-phase catalytic conversions of renewable biomass-based feedstocks in biorefineries to manufacture liquid biofuels, commodity chemicals, value added chemicals and new biomaterials. (i) As a polar solvent water is the ideal medium to convert polar biomass and its upgraded products, (ii) it is involved either as a reagent or as a byproduct in biomass valorization, (iii) it could act as a catalyst in liquefaction subcritical reactions, (iv) it has a beneficial effect and boosts rates in several types of reactions such as hydrogenations and aldol condensations, (v) it possesses a large heat capacity which makets it a suitable medium to perform safely large scale exothermic reactions, (vi) it is a non-toxic, non-inflammable, ubiquitous, inexpensive, abundantly available, green, and sustainable solvent.

The conversion of feedstocks in a biorefinery will largely involve different processes to those involved in a petrochemical refinery. In the latter feedstocks are gaseous or liquid hydrocarbons that are oxidized at elevated temperatures, in the vapor or liquid phase, under solvent-free conditions. In contrast, the feedstocks in biorefineries consist of solid, water soluble carbohydrates and their conversion involves, inter alia, aerobic oxidations of hydroxyl functional groups, in water as solvent, under relatively mild conditions. This requires the development of environmentally attractive and cost-effective processes, employing both chemo- and biocatalytic technologies as discussed in the review by Sheldon. Biomass platform chemicals build a bridge from the biomass to commodity chemicals as a part of sustainable utilization. These biomass platform chemicals derive from the primary biomass such as lignin and cellulose through different routes and are converted into more refined chemicals through a variety of pathways. The review article of Wu et al. summarizes the recent research progress on dehydration, hydrogenation, oxidation and other reactions of platform chemicals by heterogeneous catalysts in the aqueous phase. Levulinic acid is classified as a key platform chemical for biorefineries, due to its large spectrum of potential applications and because it is readily available from lignocellulose by low-cost and high-yield production routes. The review article by Papadogianakis et al. focuses on recent advances in ruthenium-catalyzed hydrogenations of levulinic acid in aqueous medium using heterogeneous catalysts on solid supports, water-dispersible catalytic nanoparticles and homogeneous water-soluble catalytic complexes with biphasic catalyst separation, for the manufacture of advanced biofuels, value-added chemicals, sustainable solvents, additives to gasoline and to food. The significance of the aqueous solvent to carry out catalytic hydrogenations of levulinic acid has been highlighted in numerous experimental investigations and several theoretical studies. The utilization process of renewable resources involves a series of transformation processes, and many important intermediate products are produced in these processes. Adipic acid is an example of such an important bulk chemical. Due to the generation of toxic by-products in the existing processes, it has become an urgent problem to find environmentally friendly alternative pathways to the synthesis of adipic acid. The oxidation of glucose, has the potential to be an alternative route to the current oxidation of cyclohexanone/cyclohexanol mixtures in a petrochemical refinery. Jin et al. report in the mini review article on the progress made in the oxidation reactions of the above mentioned route to adipic acid.

Among several key aspects of biomass conversion in the aqueous phase for production of biofuels and chemicals several authors of this special collection of articles considered primary transformations of cellulose and hemicellulose as well as downstream treatment. Depolymerization of cellulose under milder conditions involving hydrolytic hydrogenation with formation of hexitols and hydrogenolysis leading to glycols was reported in the mini review by the late E. Sulman et al. The authors discussed mainly the promising catalytic systems and operation conditions clearly indicating the challenges on the path to industrial implementation of this technology as a part lignocellulose biorefinery to value-added products. The review of Xin et al. besides the synthesis of polyols through hydrolytic hydrogenation and diols by selective hydrogenolysis covers also hydrogenolysis and hydrodeoxygenation to alkanes as well as dehydration of fructose and subsequent oxidation reactions using cellulose as a starting material in aqueous medium. The authors discussed mechanistic aspects of these transformations and listed the remaining challenges and research objectives. In recent years, a variety of solvents mixed with water have been developed for lignocellulose valorization reactions. The H2O/THF system is one of such commonly mixed solvents. It has shown excellent properties in increasing the solubility and fractionation of lignin, cellulose and hemicellulose. Due to the extraction effect of THF on organic products, it can promote the reactions and the directional selection of products. The review by Hu et al. discusses and summarizes the above characteristics of the H2O/THF system.

An envisaged key platform chemical for the production of chemicals and liquid fuels in a biorefinery is 5-hydroxymethylfurfural (5-HMF) which can be produced by acid-catalyzed dehydration of fructose or, preferably, glucose. Unfortunately, this process is plagued by relatively low yields and high production costs that are largely a result of the low stability of 5-HMF under the acidic reaction conditions. In the original research article by Tongtummachat et al. substantial improvements were obtained by conducting the reaction in continuous operation in a biphasic methyl isobutyl ketone/water system in a dispersed flow reactor. A 5-HMF yield of 81.7% and a selectivity of 89.8% were obtained at a reaction temperature of 180°C and a residence time of 3 min. In another approach, Held et al. investigated the dehydration of fructose at 50°C in deep eutectic solvents (DES) consisting of mixtures of tetraethylammonium chloride or choline chloride with lactic or levulinic acid and a vanadium-containing heterpoly acid (H8PV5Mo7O40) as the catalyst. Using the latter, in combination with tetraethylammonium chloride and levulinic acid, afforded a 5-HMF yield of 57% and a selectivity of ca. 70% after 5 h reaction time.

Srinivasan et al. examined the hydrogenation of sugars such as xylose, glucose, and mannose to obtain quantitative selectivities toward their corresponding sugar alcohols xylitol, sorbitol, and mannitol using hydrous ruthenium oxide catalyst precursors supported on Na-β zeolite in aqueous solvent. Recycling experiments have shown that this catalyst is stable without losing its activity for five successive runs. Luque et al. developed nanocatalysts functionalized by yttrium oxide for the efficient mono-dehydration reaction of sugar alcohols such as sorbitol and mannitol under mild reaction conditions i.e., at room temperature to obtain with high selectivity the mono-dehydration products in aqueous media. Mechanistic studies indicated that the high efficiency for the mono-dehydration reaction is based mainly on the stability of the catalytically active intermediate species during the dehydration reaction.

An alternative to heterogeneous catalytic depolymerisation of lignocellulosic materials to sugars is enzymatic hydrolysis which is known to be impaired by generated sugar inhibition. The original research work of Ottens et al. presents strategies on conducting extractive enzymatic hydrolysis in aqueous two-phase systems paving the way to eventual design of a feasible process. High content of oxygen in lignocellulosic biomass requires not only efficient processes for deoxygenation quite often using hydrogen, but also sustainable routes for production of biohydrogen from renewable sources. One particular aspect of this was considered by Lefferts et al. who in an original research article reported aqueous phase reforming of butanol over rhodium supported on zirconia, specifically addressing the important issue of the influence of internal mass transfer on activity and selectivity. In the original research work of Özşen depolymerisation of lignocellulosic biomass, namely hazelnut shell waste, was discussed through application of hydrothermal liquefaction under supercritical conditions. The main focus of the author was on production of levulinic acid. Another very interesting aspect of the work was related to a combination of hydrolysis and electrolysis in subcritical water.
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HMF synthesis typically requires high temperature and is carried out in aqueous solutions. In this work, the low-temperature dehydration of fructose to HMF in different deep eutectic solvents (DES) was investigated. We found a very active and selective reaction system consisting of the DES tetraethyl ammonium chloride as hydrogen bond acceptor (HBA) and levulinic acid as hydrogen bond donor (HBD) in a molar ratio of 1:2 leading to a maximum HMF yield of 68% after 120 h at 323 K. The DES still contained a low amount of water at the initial reaction, and water was also produced during the reaction. Considering the DES properties, neither the molar ratio in the DES nor the reaction temperature had a significant influence on the overall performance of the reaction system. However, the nature of the HBA as well as the acidity of the HBD play an important role for the maximum achievable HMF yield. This was validated by measured yields in a DES with different combinations of HBD (levulinic acid and lactic acid) and HBA (choline chloride and tetra-n-alkyl ammonium chlorides). Moreover, addition of vanadium containing catalysts, especially the polyoxometalate HPA-5 (H8PV5Mo7O40) leads to drastically increased reaction kinetics. Using HPA-5 and the DES tetraethyl ammonium chloride—levulinic acid we could reach a maximum HMF yield of 57% after only 5 h reaction time without decreasing the very high product selectivity.

Keywords: biomass dehydration, carboxylic acid, alkyl ammonium, HMF, reaction equilibrium


INTRODUCTION

The chemical industry of the future will have to move from decades of fossil energy sources, such as coal and oil, to more sustainable organic resources. Biomass has the greatest substitution potential for fossil raw materials among renewable energy sources. Due to the decreasing availability of these resources and important intermediates, interest in cost-effective biomass conversion processes into valuable platform chemicals is growing. In particular, the energy-efficient and economical dehydration of monosaccharides is the focus of attention (Chheda et al., 2007; Liu et al., 2012).

5-Hydroxymethylfurfural (HMF) is a biomass-based key component in the biological pathways of a variety of high-value platform chemicals. Due to its high functionality, HMF represents an ideal building block in the interface between carbohydrate and petrochemicals. Both the hydroxymethyl group and the aldehyde group open up the possibility of various subsequent reactions to important platform chemicals (Bozell and Petersen, 2010). Within the derivatization of HMF, there is a particular interest in the resulting furan compounds. Especially furan dicarboxylic acid (FDCA) and levulinic acid (LA), which are included in the list of top 12 biomass-based chemicals with high-added-value published by the U.S. Department of Energy (Bozell and Petersen, 2010). FDCA is a promising alternative to petroleum-derived terephthalic acid. In addition to the normal market for polyethylene terephthalate (PET, 1.8 · 109 tons per year), this substitution potential is gaining in importance with regard to increasing research activities in the direction of “bio-PET” (Werpy and Petersen, 2004; Iwata, 2015).

The acid-catalyzed synthesis of HMF occurs under triple elimination of water starting from fructose as a substrate (Tang et al., 2017). A suitable solvent as a reaction medium is essential for the thermodynamic optimum of an overall process. Due to the fact that often more than 80% of all chemicals in a process make up the solvents, the profitability also depends heavily on the choice of solvent. Therefore a wide variety of solvents, such as aqueous media (Vandam et al., 1986; Hansen et al., 2009), dimethyl sulfoxide and methyl isobutyl ketone (Yi et al., 2015) or biphasic reaction media (Chheda et al., 2007; Hu et al., 2008) and even in melts (Ilgen et al., 2009) have been extensively studied so far. However, either high reaction temperatures are required or the solvents are toxic and often also expensive. Further, from the thermodynamic point of view, water must be avoided as reaction solvent as the product of the reaction is also water; thus the latter as solvent strongly limits the yield of HMF. Ionic liquids (ILs) as more recent solvents are interesting in this respect (due in part to the physicochemical properties), but often also disadvantageous because of the high price or toxicity (Thi et al., 2010; Russ and Konig, 2012) or because of slow kinetics. Thus, alternative solvents are required in combination with new catalysts. ILs have already been successfully applied as reaction medium for fructose dehydration (D'Anna et al., 2014; Zhang et al., 2015).

In recent years, research on deep eutectic solvents (DESs) has been intensified. An eutectic mixture is characterized by the lowest melting temperature of all compositions of the same components (see Figure S3). At the eutectic point, the melting temperature is significantly lower than that of the pure substances. If mixtures have a very large melting point reduction compared to the pure substances, these are referred to as deep eutectic systems. Accordingly, DESs as the reaction medium allow for reaction temperatures near room temperature. DESs are composed of a hydrogen-bond acceptor (HBA) and a corresponding donor (HBD) (Abbott et al., 2004). Often the DESs consist of a quaternary ammonium salt as HBA and a wide range of HBDs. For the latter typically carboxylic acids, alcohols or amines are used (Russ and Konig, 2012). Moreover, DESs based on an acid can serve both as a solvent and as a catalyst. Additionally, depending on the combination of HBA-HBD, DESs might represent a green solvent that can replace organic solvents in engineering applications in the long term. Several DESs share many of the benefits and overcome some of the disadvantages of ILs. In addition to the simple and cost-effective production, especially a possible low toxicity as well as a possible good biodegradability and biocompatibility with enzymes are among the advantages. Furthermore, DESs are referred to as designer solvents because the properties can be tailored to the specific requirements, depending on the application (Smith et al., 2014). Product separation from the solvent is often possible by crystallization, which allows more energy-intensive processes to be avoided (Francisco et al., 2013). Therefore, in the interests of the eco-efficient health and safety industry, they offer enormous potential for improving ecotoxicity, waste management and process safety (Zhang et al., 2012). DESs have been also used as reaction medium for fructose dehydration to HMF (Istasse et al., 2018). The use of DESs in the synthesis of biomass-based platform chemicals is well in line with the twelve principles of Green Chemistry. DESs are becoming increasingly important due to their biodegradability, biocompatibility and very low toxicity. In addition, DESs allow for a significant lowering of the reaction temperature leading to lower energy consumption. This not only increases energy efficiency but also atomic efficiency, leading to a reduction of derivatives as the formation of by-products increases with increasing temperature (Zakrzewska et al., 2011). Also, the use of catalysts should be optimized as they are superior to stoichiometric reagents. The reader is further referred to review articles on the use of DESs in upstream and downstream processes (Smith et al., 2014; Sheldon, 2016; Vitale et al., 2017; Garcia-Alvarez et al., 2018).

Moreover, the work-up of the catalyst is frequently complicated and time-consuming (Yi et al., 2015). Typical catalysts for this reaction discussed in the literature are metal and organic acids as well as ion exchange resins (Carniti et al., 2011; Zakrzewska et al., 2011). Chromium compounds used as catalysts showed good results. However, their high toxicity associated with high loadings is an obstacle to commercial applications (Zakrzewska et al., 2011). In the future there will be an increased demand for catalysts for the dehydration of fructose to HMF on a large scale. The use of catalysts is closely linked to the reaction time and therefore an important point in terms of process optimization.

Another promising alternative class of catalysts for low-temperature homogeneous biomass transformation reactions is polyoxometalates (POMs). POMs are well-defined metal-oxyanions linked with oxygen bridges of early transition metals at their highest oxidation state (e.g., Mo6+, W6+ or V5+). They can also contain a multitude of hetero atoms to improve their chemical and thermal stability (Ammam, 2013). POMs reveal unique physical and chemical properties like tunable acid-base properties, great redox activity based on the fast and reversible multi-electron transfer, high thermal stability and excellent solubility and stability in water and other polar solvents (Albert et al., 2012; Wang and Yang, 2015). Mostly used in homogeneous catalyzed biomass transformation reactions are POMs from the so called Keggin-type [XM12O40]n−. They contain a template of various coordinating anions, e.g., oxo-anions, oxometalates, or halides, together with a framework metal which is typically an early, high-valent transition metal (Kozhevnikov, 1998). The catalytic activity is mostly introduced by substituting some of the framework metals (W, Mo) with easily reducible hetero-metals like vanadium that results in shifting their reactivity from acidic to redox-dominance (Albert et al., 2016). The generated compounds have the composition H3+n[PVnMo12−nO40] and are called heteropolyacids, abbreviated as HPA-n depending on the content of vanadium atoms (n).

In this contribution, we investigate the low-temperature dehydration of fructose to HMF in different DESs. Therefore, we identified the best HBA:HBD combination leading to high HMF yields. Moreover, we studied the effect of using different vanadium-containing catalysts on the efficiency and the kinetics of the fructose dehydration reaction.



MATERIALS AND METHODS


Materials

Chemicals that have been used in this work are listed in Table S8. The quaternary ammonium salts choline chloride, tetrabutyl, and tetraethyl ammonium chloride were dried for 24 h at 298 K in a vacuum oven before use. All other chemicals were used as obtained without further purification. Deionized water from the Millipore system (Merck KGaA, Darmstadt, Germany) was used.

Moreover, three vanadium-containing acid catalysts were used in this study. The vanadium precursor NH4VO3 (CAS-Nr. 8037803-55-6) was purchased from Acros Organics with a purity of 99.5%. VOSO4 (CAS-Nr. 123334-20-3) was obtained from Alfa Aesar with a purity of 99.9%. Moreover, we used the heteropolyacid HPA-5 (H8PV5Mo7O40) that was synthesized in the Erlangen labs according to the literature (Odyakov and Zhizhina, 2008; Albert et al., 2014). The characterization of the heteropolyacid has been carried out using a Perkin Elmer Plasma 400 ICP-OES device resulting in a P/V/Mo ratio of 1/4.80/6.93 as well as FTIR spectroscopy (Jasco FT/IR-4100 spectrometer equipped with a PIKE GladiATR-accessory) showing the characteristic vibrations at wavenumbers of 1,045 (Mo = O), 948 (P-O), 864 (Mo-Ob-Mo) as well as 725 (Mo-Oc-Mo) cm−1.

All powdered catalysts were finally dried at 10−3 mbar by keeping a constant low temperature of max. Two hundred and seventy seven Kelvin in order to adjust a fixed content of hydration water. Thermogravimetric analyses (TGA) were conducted using a SETSYS-1750 CS Evolution from SETARAM Instruments, resulting in water contents of 2 moles for NH4VO3, 4 moles for VOSO4, and 12 moles for the HPA-5 catalyst, respectively.



Synthesis of Deep Eutectic Solvents

The various DESs were prepared in a molar ratio of 1:2. For this purpose, two moles of the carboxylic acid per mole of the quaternary ammonium compound were weighed into one 10 ml Falcon tube. The DESs were prepared gravimetrically using a Sartorius laboratory balance Cubis (Sartorius, Goettingen, Germany) with an accuracy of ±10–4 g. The tubes were placed in the ThermoMixer® (Eppendorf, Hamburg, Germany) at 373 K and 1,000 rpm for a few minutes until a homogeneous liquid was obtained.



Solid-Liquid Equilibria of the Deep Eutectic Systems

In order to allow liquid reactions at 323 K, the solvent (in this work: DESs) have to be a homogenous liquid. The phase diagram was measured in this work in order to ensure homogenous liquid phase conditions at the desired reaction temperature of 323 K at 1 bar. For this purpose, solid-liquid equilibria were investigated by means of measurements and validation by thermodynamic modeling. In the experimental work, HBD (levulinic acid) and HBA (choline chloride) were prepared in different molar ratios by weighing HBD and HBA as desired into 10 ml Falcon tubes gravimetrically using a Sartorius laboratory balance Cubis (Sartorius, Goettingen, Germany) with an accuracy of ±10−4 g. These mixtures were placed in a Thermomixer C at 373 K and shaken at 300 rpm. All considered mixtures were homogenously liquid at 373 K. Afterwards, temperature of the Thermomixer block was reduced by 5 K, and shaken again for another 24 h. In case heterogeneity was observed during this time period the temperature was assumed to be the solubility temperature of the samples at 1 bar and known composition. In any other case the temperature was reduced by another 5 K and the procedure was repeated accordingly. This method is not very accurate, and the uncertainty in the measured solubility temperature is 5 K. Thus, the measured phase diagram was predicted a priori with the thermodynamic model PC-SAFT. All available PC-SAFT parameters of the pure components were taken from literature [choline chloride (Zubeir et al., 2016), lactic acid (Zubeir et al., 2016), and levulinic acid (Altuntepe et al., 2017)]. Binary parameters were not used. Details of the model and the solid-liquid equilibrium condition can be found in (Crespo et al., 2018).



Reaction Equilibrium Experiments and Analysis

In each case 1 g of the different DESs was transferred by syringe into a 10 ml Falcon tube and 2.5 wt.% fructose was added. The amount of fructose was adapted to the lowest experimentally determined fructose solubility in the different DESs. Every initial reaction mixture was prepared twice, so that each experimental reaction equilibrium position was obtained by dual approach. The reaction mixtures were prepared gravimetrically using a Sartorius laboratory balance Cubis (Sartorius, Goettingen, Germany) with an accuracy of ±10–4 g. The tubes were shaken in the ThermoMixer® (Eppendorf, Hamburg, Germany) at 323 K and 1,000 rpm. Thereafter, samples were taken at solvent-specific intervals over an extended period of time and analyzed by HPLC. The length of the period depended on the time required to reach the reaction equilibrium.

Equilibrium concentrations of the reacting agents were analyzed using two different analytical methods. For this purpose, an Agilent series 1,200 HPLC (Agilent, Böblingen, Germany) equipped with a refractive index detector (RID) was used to detect the key components HMF and fructose. Sampling from the vial and subsequent injection of 5 μl of the sample in the chromatography column was fully automatic by a built-in syringe. For the separation a Nucleogel® Sugar 810 H column (300 × 7.8 mm, Macherey Nagel, Düren, Germany) thermostated at 308.15 K and at a flow rate of 0.6 ml/min was used. The stationary phase was a polymer phase suitable for the separation of a wide range of organic acids, alcohols and sugars. The mobile phase was a mixture of sulfuric acid (5 mmol/l) and water that was used isocratically (sulfuric acid:water = 1:20). The calibration for the key components was carried out for at least three different mass fractions in the range from 0.00 to 13.05 wt.%. Each sample and calibration solution was prepared twice and analyzed at least three times. The experimentally determined retention times are listed in Table S1. If the components were solid at room temperature (298 K), they were dissolved in deionized water. Two chromatograms are given as an example in Figures S1, S2.

The evaluation of the water peak was not possible at the given conditions due to overlays through similar retention times of other substances. Therefore, the equilibrium concentration of water was determined by means of the Karl Fisher titration (KFT) with a Metrohm 915 KF Ti Touch (Metrohm, Herisau, Switzerland). Each sample was measured at least three times and the results were averaged. The results are given in Table S9.

If the fructose peak was not evaluable due to overlay, the concentration in the reaction equilibrium was estimated from the molar balance using the initial molalities, the measured molality of HMF and water at equilibrium as well as the stoichiometry of the reaction.

Further, the chemical stability the carboxylic acids at reaction conditions (323 K at 1 bar as well as 343 K at 1 bar) was verified by HPLC-measured peak areas of the carboxylic acids (levulinic acid and lactic acid) after exposure to reaction conditions for up to 300 h (this was the maximally applied reaction time).



Reaction Experiments Using Additional Vanadium-Based Catalyst

Several days may pass before the reaction equilibrium is reached in DESs, which ideally serve both as a solvent and as a catalyst. Because of the slow kinetics, the use of additional catalysts in the most promising DES has been studied. For this purpose, three selected catalysts were used. The powdered catalysts used included NH4VO3, VOSO4, and HPA-5. The catalysts were added both in powder form and dissolved in water to the DES. Regardless of whether the catalyst was present as a powder or in solution, the weight of pure catalyst in all batches was 4.0 wt.%. This corresponded to the lowest solubility of any of the undissolved powdered catalysts in the DES used. The time intervals of sampling and analysis were adjusted to the expected higher reaction rate. Otherwise, the experimental procedure was as described in the previous section.




RESULTS AND DISCUSSION

In this work, the reaction of fructose to HMF was studied (Scheme 1) using the chemicals as listed in Table S1.


[image: Scheme 1]
Scheme 1. Reaction considered in this work: Dehydration of D-(-)-fructose to 5-hydroxymethylfurfural (HMF) and three water molecules.



Choice of the Reaction Temperature

In order to define a meaningful temperature for fructose dehydration in DESs, the influence of the reaction temperature on the HMF yield was measured in the DES ChCl:LA. Two independent DES samples were synthesized, both in a molar ratio of 1:2. The reaction mixtures were stirred at 323 K as well as at 343 K. These temperatures were chosen as we wanted to have a temperature near to ambient conditions in order to minimize the energy required and to minimize side reactions, as it was found that temperatures higher than 343 K cause losses in selectivity (Assanosi et al., 2014). Table 1 shows the yields of HMF at these different reaction temperatures.


Table 1. 5-Hydroxymethylfurfural (HMF) yields in choline chloride:levulinic acid (ChCl:LA) in a molar ratio of 1:2; reaction temperature: 323 or 343 K; fructose starting concentration: 2.5 wt.%; pressure: 1 bar.

[image: Table 1]

At a reaction temperature of 323 K, an HMF yield of 18% after 24 h and of 48% after 120 h was observed. At 343 K, the yield of HMF increased from 21% after 24 h to 45% after 120 h. Thus, on the basis of these measurement results, increasing the reaction temperature to 343 K is not beneficial for the HMF yield. It should be noted that this depends also on the nature of the solvent. For the reaction carried out in ILs, a more significant temperature effect on the kinetics of the reaction was observed in the literature (Okano et al., 2013). For the reaction in the DESs under investigation in this work, increasing temperature to 343 K did not lead to the desired improvement in reaction kinetics considering the rather small temperature range (323 K to 343 K). One reason might be a phase separation that was observed after the reaction at 343 K and cooling to room temperature, and the brownish color of the sample let assume polymerization of reactants and intermediates as well as production of humins. This might also explain that the yield is more or less the same at 343 K and at 323 K after 120 h of reaction time, in contrast to expectations based on Arrhenius. Therefore, 323 K was selected as the preferred reaction temperature for the following investigations. This decision was especially based on the fact that high selectivity was reached according to the chromatograms in Figures S1, S2.



Fructose Dehydration to HMF in Various Reaction Media

As to be seen from Scheme 1, water as a reaction medium is undesired as it will shift the reaction equilibrium to the left hand side and thus will limit the HMF yield. Consequently, the use of DES as green reaction solvents was studied in this work. Non-aqueous reaction media such as the DESs do not have this shortcoming, and potentially should allow a much higher HMF yield compared to aqueous reaction medium. It should be noted that in the present study fructose was used as reactant at rather low concentration, which will not lead to formation of a DES based on fructose. To further limit the range of DESs that might be suitable as reaction solvent, several criteria were defined: First, the DES should be homogenously liquid at 323 K. Further, systems of low viscosity were preferred to reduce energy required for mixing. In order to avoid addition of acid which might be required as dehydration of fructose to HMF is known to be acid-catalyzed, carboxylic acids were chose as HBDs. Lactic acid can be synthesized by the fermentation of starch and levulinic acid by the hydrolysis of cellulose, thus both of them were tested as biogenic DES constituents. Although the use of salts might be critically seen for a greener chemistry in the future, the reaction of fructose to HMF seems to be favored under the presence of chloride. Thus, choline chloride (ChCl) was chosen as HBA DES constituent due to its biodegradability, biocompatibility and very low toxicity. Choline chloride is technically used in food supplements and feeds. As the DESs based on choline chloride and carboxylic acids are liquid and of extremely low volatility, low reaction temperatures are possible that opens the door for energy-efficient processes. These DESs further have a comparably low viscosity (Zhao et al., 2015; Li et al., 2016).

The studied DESs were chosen at a composition which allows liquefied system conditions at 323 K. The solid-liquid equilibria of the systems under consideration are presented in Figure S3. All systems were found to be liquid at the reaction temperature 323 K. The DESs are mixtures of two components. The hypothesis that should be verified in this work is that the combination of the two DES constituents to form a close-to-eutectic mixture yields solvent properties for the reaction that is very different from the solvent composed of only one of the DES constituents. Thus, the DESs as well as the individual constituents of the DESs were used as reaction solvents. The DESs as well as the individual constituents of DES have been studied with focus on HMF yield, and the following reaction solvents were analyzed: ChCl was dissolved in water (ChCl is a solid up to 575 K), pure levulinic acid (LA), and finally the DES consisting of these components (ChCl:LA) in a molar ratio of 1:2. These experiments indicated that the individual DES components are poorly suitable as reaction medium, whereas the DES consisting of these constituents are highly promising. Indeed, this supports the hypothesis that DESs act reaction solvent in a different way than its constituents. The most probable reason behind this is the interactions between reacting agents and the DES, which are different compared to the interactions between reacting agents and a single DES constituent. The yield of HMF over time in these different solvents is shown in Figure 1.


[image: Figure 1]
FIGURE 1. HMF yield over time in choline chloride (ChCl) dissolved in water (triangles), in pure levulinic acid (LA; squares) and in the corresponding deep eutectic system (DES ChCl:LA 1:2; circles); fructose starting concentration: 2.5 wt.%; reaction temperature 323 K; pressure 1 bar. Data listed in Table S2.


Kinetics and yield of chemical and biochemical reactions strongly depend on the reaction solvent (Lemberg and Sadowski, 2017; Voges et al., 2017; Wangler et al., 2019). Figure 1 shows that this was also observed for the reaction under consideration in the present study. After 48 h, an HMF yield of 14% was achieved in pure LA. This yield remained unchanged even after 328 h and thus corresponds to the maximum yield, which is the value at equilibrium assuming no side reactions or consecutive reactions. However, there was no reaction in the aqueous ChCl solution observable. This shows that neither aqueous ChCl, nor pure LA promote the reaction sufficiently. In comparison, using the DES ChCl:LA in a molar ratio of 1:2, which is already liquid at about 323 K (see Figure S3), HMF yields of 23% after 48 h and 57% after 288 h were achieved. The latter corresponds to the yield of HMF in equilibrium. The positive effect on the HMF yield by using the DES compared to the pure substances confirms the hypothesis on the synergetic effect that is the driving force for the reaction. Thus, HMF yields could be achieved, which exceeded those in the pure substances by up to 57%. However, it has to be mentioned that under the mild reaction conditions of 323 K and ambient pressure, the dehydration reaction in the DES is still very slow, as no additional catalyst was used to improve the kinetics. Moreover, HPLC analysis confirmed the very high selectivity of the reaction, as no other byproducts could be detected within a retention time of 1 h. Two chromatograms are given as an example in Figures S1, S2.



Influence of Molar Ratio in the DES

Obviously, a mixture of ChCl and carboxylic acid is superior over using the individual DES constituents with respect to HMF yield. In Figure 1, this was demonstrated using the ratio of 1:2 (ChCl:LA). To analyze the influence of the molar ratio of the DESs on the HMF yield, two DES mixtures were synthesized, one in a molar ratio of 1:2 (ChCl:LA) and the other in the ratio 1:3 (ChCl:LA), respectively. Table 2 shows the experimentally observed yields of HMF at these considered molar ratios of the DES constituents.


Table 2. 5-Hydroxymethylfurfural (HMF) yields in choline chloride:levulinic acid (ChCl:LA) in a molar ratio of 1:2 and 1:3; reaction temperature: 343 K; fructose starting concentration: 2.5 wt.%; pressure: 1 bar.

[image: Table 2]

In the DES ChCl:LA with a molar ratio of 1:2, the yield of HMF increased from 21% after 24 h to 45% after 120 h. The HMF yield in the DES ChCl:LA with a molar ratio of 1:3 was 24% after 24 h, and 50% after 120 h, respectively. From this it is evident that there is no significant correlation between the molar ratio within the DESs and the HMF yield. Also the viscosities of the pure DESs ChCl:LA 1:3 [viscosity about 134 mPas (Li et al., 2016)] and ChCl:LA 1:2 [viscosity about 119 mPas (Zhao et al., 2015)] are very similar and mass-transport limitations are not expected to have a major influence. As the differences in viscosity and HMF yield as well as in kinetics are not very pronounced, a molar ratio of 1:2 was chosen as DES solvent for the following experiments. This decision was mainly based on the fact that other DESs with a ratio of 1:2 were analyzed as well (see section Influence of the Chemical Nature of the HBA in DESs With Levulinic Acid) and the results will be compared on the basis of a constant molar ratio of the different DESs under consideration.



Influence of Acidity and pH

Dehydration of fructose to HMF is an acid-catalyzed reaction. Thus, by using a carboxylic acid as HBD, the DESs operate in functions of reaction medium as well as of the catalyst by assuring a certain required (low) pH. Previous works have shown that pH alone decides whether the reaction takes place or not. It was found that HMF is not formed at pH > 3.9 (Kuster and van der Baan, 1977), which fits to the observation that LA is a too weak acid for acting as a catalyst. This was found by Carniti et al. (2011), and also within this work. pH of LA was measured to be about pH = 4. ChCl-water mixtures are by far not acidic enough to catalyze the reaction, as at 323 K the pH values of these mixtures are 4 < pH < 6. As we found that pH < 4 is required for the acid-catalyzed reaction, all reaction mixtures with DESs as solvents were chosen that have pH values pH < 4, namely 0.8 < pH < 2.9. This was also the reason why we decided not to investigate standard DES: Aqueous solutions of DESs prepared from ChCl:glycerol (1:2) and ChCl:ethylene glycol (1:2) have rather high pH values of approximately between 4.40 and 4.00, and 4.36 and 4.08, and thus they are not suitable for the fructose dehydration. Given that pH < 4, the solvent decides on the yield, and the pH does not influence the yield any more. Similar observations were found which, however, used extremely acid conditions by toluene sulfonic acid (pKa = −2.8) (Assanosi et al., 2014). Thus, given that pH is low enough (pH < 3 is recommended) and the reaction is catalyzed meaningfully, the kind of the solvent determines the equilibrium yield of HMF. In order to validate this hypothesis, the influence of acidity on the HMF yield was investigated in this work. For this purpose, the reaction was carried out in a DES consisting of constant HBA while varying the HBD under equal reaction conditions. The salt tetraethyl ammonium chloride (TEAC) served as HBA in this study combined with the HBDs levulinic acid (LA) or lactic acid (LAA). All DESs were prepared with a molar ratio of TEAC:HBD 1:2. The so-obtained HMF yields and selectivity are illustrated in Figure 2.


[image: Figure 2]
FIGURE 2. 5-Hydroxymethylfurfural (HMF) yield over time in the different deep eutectic systems based on tetraethyl ammonium chloride (TEAC); reaction temperature: 323 K; wFRU,0 = 2.5 wt.%; pressure: 1 bar. Circles: TEAC:lactic acid 1:2; squares: TEAC:levulinic acid 1:2. Data listed in Table S3.


After 48 h, an HMF yield of 29% was achieved in TEAC:LAA compared to 45% in TEAC:LA. Thus, using levulinic acid as HBD allows faster kinetics. Even more, also the reaction equilibrium (TEAC:LA 68% yield) was found to be favored in levulinic acid based DESs over lactic acid based DESs (TEAC:LAA 57% yield). The results shown in Figure 2 mean that the DES containing the weaker acid (levulinic acid) allows a faster reaction and even a higher yield of HMF. This is unexpected since it disproves the hypothesis that very acidic conditions are required for the considered reaction (Chheda et al., 2007). Rather, the molecular interactions caused by the solvents are the reason for higher yield and faster kinetics of the reaction. This has been found for diverse reactions in the literature (Lemberg and Sadowski, 2017; Voges et al., 2017; Wangler et al., 2019).

The finding that acidity plays a minor role is further studied by analyzing the relation between pH and HMF yield. pH values in various DESs was measured with the pH meter Qph 70 (VWR International GmbH, Langenfeld, Germany). The measurements were carried out three times at 295 K. These averaged pH values are listed in Table 3.


Table 3. The pH values of the different DESs at 295 K and 1 bar.

[image: Table 3]

In both the LA-based DESs and in the LAA-based DESs, the pH can be sequenced in the same order of the HBA quaternary ammonium salts: pH(TEAC-based DES) > pH(TBAC-based DES) > pH(ChCl-based DES). Due to the carboxylic acids used, the pH in the DESs with LAA as HBD is comparatively lower than in the DESs with LA as HBD. The HMF yield and the pH obtained in the DESs are plotted in Figure 3.


[image: Figure 3]
FIGURE 3. The HMF yields (black bars) as well as the pH-values (gray bars) in the different deep eutectic solvents with molar ratio HBA:HBD 1:2. The HMF yields were achieved in the DESs consisting of the quaternary ammonium salts and levulinic acid or lactic acid. Data listed in Table S4.


It can be observed from Figure 3 that pH-value of the DESs does not correlate with the achieved HMF yield. This result was obtained for both LA-based DESs and LAA-based DESs. Thus, it can be concluded that the chemical nature of the HBA itself leads to the different reactivities in the reaction under investigation. This is further investigated in the next set of experiments.



Influence of the Chemical Nature of the HBA in DESs With Levulinic Acid

The experiments in LA-based DESs were performed as described in the section Experiments and Methods. The results of the two independent samples were measured in triplicate and are shown in Figure 4, which presents the influence of the HBA constituent on the HMF yield. Three different HBAs were investigated: choline chloride (ChCl), tetrabutyl ammonium chloride (TBAC), and tetraethyl ammonium chloride (TEAC).
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FIGURE 4. 5-Hydroxymethylfurfural (HMF) yield over time in the different deep eutectic systems based on levulinic acid (LA); reaction temperature 323 K; wFRU,0 = 2.5 wt.%; pressure 1 bar. Symbols are yields in different DESs: triangles: choline chloride (ChCl):LA 1:2; squares: tetrabutyl ammonium chloride (TBAC):LA 1:2; circles: tetraethyl ammonium chloride (TEAC):LA 1:2. Data listed in Table S5.


In ChCl:LA the HMF yield after 3 h reached 12%, in TBAC:LA 5% and in TEAC:LA 8%. After 120 h, maximum yield (equilibrium) was reached in TEAC: LA of 68%. In both, ChCl:LA and TBAC:LA equilibrium was reached after 312 h with maximum yields of HMF of 57% (ChCl:LA) and of 48% (TBAC:LA). The maximum yield of HMF increased from TBAC as HBA, through ChCl to TEAC, as it was already observed in the LAA-based DESs (Table S6). These results indicate a significant influence of hydrophilicity on HMF yield. This again points out the finding that molecular interactions induced by the solvent are responsible for the findings in this work.



Reactivity of Reaction Medium Containing DES and Additional Vanadium Catalyst

Due to the large time span required to reach the reaction equilibrium in the investigated systems, the use of different vanadium catalysts was further investigated. The selection of promising homogeneous vanadium-based catalysts was done based on former investigations carried out by Albert et al. (2019). The influence of the catalysts on the reaction kinetics was determined using the DES that allowed highest yields of HMF without additional catalyst. In this work this was found to be the DES TEAC:LA in a molar ratio of 1:2 at a reaction temperature of 323 K. The experiments were carried out as described in section Synthesis of Deep Eutectic Solvents. In the following, a sample was taken every hour at the beginning and analyzed immediately. In each case the same amount of catalyst was added as a powder to the standard reaction mixture consisting of 2.5 wt% fructose in of DES. Figure 5 shows the HMF yields obtained in TEAC:LA with and without additional vanadium catalyst.
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FIGURE 5. 5-Hydroxymethylfurfural (HMF) yield over time in the deep eutectic systems consisting of tetraethyl ammonium chloride and levulinic acid (TEAC:LA 1:2) with different catalysts. The catalysts were added to the fructose+DES mixture undissolved as a powder. Reaction temperature: 323 K; wFRU,0 = 2.5 wt.%. Symbols present yields in different reaction medium: triangles: TEAC:LA with NH4VO3; squares: TEAC:LA with VOSO4; circles: TEAC:LA with HPA-5; stars: TEAC:LA without catalyst. Data listed in Table S7.


The maximum reachable yield for the reaction in the solvent TEAC:LA is illustrated in Figure 5 yielding YHMF = 68%. This value is the thermodynamically limited equilibrium yield, reached after about 100 h. Using additional catalysts allows improving the kinetics, which is shown clearly in Figure 5. In the solvent TEAC:LA + NH4VO3, the yield reached 5% (3%) after 1 h (24 h) of reaction time. Using the solvent TEAC:LA + VOSO4, the HMF yield was found to be 17% (45%) after 1 h (24 h) of reaction time. After 24 h, the yield did not further increase in this solvent. In comparison to the above-used vanadium salts, the addition of HPA-5 as a catalyst to the solvent TEAC:LA allows an HMF yield of 57% after 5 h. This was the maximally achievable yield at the applied conditions. Thus, the heteropolyacid HPA-5 drastically increased reaction kinetics and might be a very promising perspective for future investigations. Furthermore, high HMF selectivities (see Figure S2) could be reached demonstrating the beneficial effect of the DES:POM reaction system. Nevertheless, still the yield does not increase higher than YHMF = 57%, even not after 5 h of time. The yield was measured in HPA-5 + TEAC:LA up to 48 h (see Figure S5). The reason behind the difference to the maximum achievable yield (YHMF = 68%) is probably caused by solvent/catalyst interactions. For samples that contained HPA-5 a color change of the reaction solution was observed turning from yellowish to dark brownish with increasing reaction time (see Figure S4). This might be due to side product (mostly humin) formation as described earlier. Obviously, this limits the maximum achievable HMF yield using this catalyst system without product isolation. This underlines the necessity to isolate the product (and especially water as the side product) from the reaction solution as it further decreases the pH value that favors undesired humin formation.

As a remark, it shall be stated that the total achievable HMF yield at thermodynamic equilibrium is 57% using the DES consisting of ChCL:LA, while the highest yield was found for the DES TEAC:LA. Even though the reaction conditions used in this study are mild, these yields are still moderate and the reaction time without catalyst is very long especially (cf. more than 300 h in Figure 1) to reach the equilibrium yield. In the literature, higher yields were obtained at cost of more toxic conditions and higher energy required (Vandam et al., 1986; Chheda et al., 2007; Hu et al., 2008; Hansen et al., 2009; Ilgen et al., 2009; Thi et al., 2010; Russ and Konig, 2012; D'Anna et al., 2014; Yi et al., 2015; Zhang et al., 2015).



Solvent Recycling

As a final step the solvent recyclability was investigated for the best system, i.e., TEAC-LA (1:2) in combination with 4 wt. % HPA-5 at 323 K. For this step, the initial reaction mixture was prepared once, and after defined times the reactant fructose was added again. It should be mentioned that no new catalyst was added. That is, the DES solvent was used for five subsequent times and after about 5 h of reaction the concentration of HMF was measured prior to adding another 2.5 w% of fructose only. The results are shown in Figure 6. It can be observed that a nearly linear increase of HMF weight fraction was obtained. That is, adding fructose at defined reaction time allows similar conversion of fructose independent of the HMF that was subsequently produced during the single reaction steps. To conclude, the solvent could be successfully used for five times in a row without losing its efficiency at the conditions under investigation. Please note that we did not investigate any additional cycle of fructose addition.
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FIGURE 6. 5-Hydroxymethylfurfural (HMF) weight fraction over time in the deep eutectic systems consisting of tetraethyl ammonium chloride and levulinic acid (TEAC:LA 1:2) with HPA-5 catalyst. Four wt% of the catalyst was added at t = 0 to the fructose+DES mixture undissolved as a powder. Reaction temperature: 323 K; wFRU,0 = 2.5 wt.%. Symbols present data upon addition of 2.5 wt% fructose after each reaction step.


The exact procedure we carried out can be described as “Recycling without product isolation,” which is standard procedure in chemical reaction engineering. We have recently developed methods to extract HMF from aqueous solutions using hydrophobic solvents such as ketones (Mohammad et al., 2016) or hydrophobic DESs (Dietz et al., 2019). Thus, a meaningful extraction method is to feed the product with hydrophobic solvent (ketone or DES), upon which the HMF will be separated into a second phase, and then to distillate the mixture (in case of ketone as extractant the ketone will be the head product). Further, an increase of the fructose concentration is of course an important step for an upscale of the process. However, the limited fructose solubility in the considered DESs might be a limitation toward concentration increase. We measured experimentally the fructose solubilities in the considered DESs. It can be observed that solubility in LAA– based DESs are higher than in LA-based DESs. However, the HMF yields in the LAA– based DESs are lower than in LA-based DESs. The solubilities are presented in Table S9.




CONCLUSIONS

The conversion of biomass to valuable products is of utmost importance to replace petroleum-based chemical syntheses. In this contribution, we studied the reaction from fructose to HMF as a key reaction and as a model reaction in which water is formed as product. From thermodynamic point-of-view, water as reaction medium has to be avoided for high conversion. Nevertheless, the conversion is acid-catalyzed. Thus, we used acidic deep eutectic solvents (DES) as a reaction medium, and due to their low thermal stability we focused on low reaction temperatures of 323 K. The used DESs were chosen to be liquid at this reaction temperature, which we measured and also predicted with thermodynamic models. Further, the used DESs had to behave acidic and thus we studied DESs based on carboxylic acids, in this work the biogenic levulinic acid and lactic acid.

The results showed that the DESs based on the combination of a chloride salt (e.g., choline chloride) and of a carboxylic acid are promising reaction medium for the synthesis of HMF. Maximum yields of about 70% were obtained at 323 K. A detailed study on the influence of the kind of DES revealed that temperature (up to 343 K) and acidity in the reaction mixtures (0.4 < pH < 3.5) as well as the composition of the DES (i.e., the ratio between chloride salt and carboxylic acid) do little influence the maximum achieved yield. In contrast, the kind of the DES constituents strongly influenced the measured yield. The use of DESs composed of levulinic acid instead of lactic acid as well as of tetraethyl ammonium chloride instead of choline chloride or tetrabutyl ammonium chloride allowed higher yields. As the reaction reached high yields after long reaction times, the kinetics were increased in this work using different vanadium-based catalysts. The polyoxometalate HPA-5 (H8PV5Mo7O40) lead to drastically increased reaction kinetics giving a maximum HMF yield of about 60% after only 5 h reaction time without decreasing the very high product selectivity. The reaction solvent (DES+HPA-5) could be successfully used for five times in a row without losing its efficiency at the conditions under investigation We consider this to be very important step toward sustainable green processing of biomass in the future.
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Conversion of biomass cellulose to value-added chemicals and fuels is one of the most important advances of green chemistry stimulated by needs of industry. Here we discuss modern trends in the development of catalysts for two processes of cellulose conversion: (i) hydrolytic hydrogenation with the formation of hexitols and (ii) hydrogenolysis, leading to glycols. The promising strategies include the use of subcritical water which facilitates hydrolysis, bifunctional catalysts which catalyze not only hydrogenation, but also hydrolysis, retro-aldol condensation, and isomerization, and pretreatment (milling) of cellulose together with catalysts to allow an intimate contact between the reaction components. An important development is the replacement of noble metals in the catalysts with earth-abundant metals, bringing down the catalyst costs, and improving the environmental impact.
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INTRODUCTION

The recent data show that around 1.1·1011 tons of lignocellulose biomass (including both lignin and cellulose) are synthesized in Nature annually, the majority of which (30–55%) is cellulose (Li et al., 2018a). Cellulose is a natural polymer consisting of glucose repeating units and is the most promising alternative for syntheses of value-added chemicals to replace non-renewable resources such as gas and oil (Li et al., 2015b, 2018a). Currently, there are numerous methods for direct catalytic conversion of cellulose to a number of valuable chemicals such as glucose (Shrotri et al., 2016, 2018), hexitols (Li et al., 2015a; Zada et al., 2017; Shrotri et al., 2018), glycols (Li et al., 2015a; Zheng et al., 2017), 5-hydroxymethylfurfural (Li et al., 2018b), methane (Wang et al., 2018), hydrogen (Wen et al., 2010), hexane and hexanols (Liu et al., 2014, 2015; Op De Beeck et al., 2015).

The presence of a large number of hydroxyl groups in the cellulose structure determines the optimal route of its conversion to polyols via hydrolytic hydrogenation or hydrogenolysis (involving C-C cleavage) (Li et al., 2015a). Both processes consist of several reactions but can be carried out in a one-pot procedure. Major products of hydrolytic hydrogenation are hexitols (sorbitol and mannitol, Figure 1A), while in hydrogenolysis they are glycols (ethylene glycol, EG, and propylene glycol, PG, Figure 1B). From the viewpoint of green chemistry, the best reaction medium for these processes is subcritical water (Rinaldi, 2014; Shitu et al., 2015) due to its availability, low cost, and non-toxicity. In subcritical water the concentration of both hydroxyls and hydroxonium ions increases by a factor of 35 (compared to r.t. water), which leads to acceleration of the reactions catalyzed by acids or bases, for example, hydrolysis (Gagic et al., 2018; Abaide et al., 2019). Moreover, the efficiency of both processes are strongly dependent on the hydrogenation catalyst activity, i.e., its ability to rapidly and selectively hydrogenate hexoses and induce their decomposition following retro-aldol mechanism.


[image: Figure 1]
FIGURE 1. Schematic representation of hydrolytic hydrogenation (A) and hydrogenolysis (B) of cellulose to hexitols and glycols, respectively.


In this review we discuss most interesting and promising catalytic systems which were proposed for hydrolytic hydrogenation and hydrogenolysis of cellulose in hydrothermal conditions in water in the last 5 years.



CELLULOSE HYDROLYTIC HYDROGENATION

As was demonstrated in a recent review (Makhubela and Darkwa, 2018), among noble metals Ru is the most active and employed in the majority of catalytic systems proposed for hydrolytic hydrogenation of cellulose (Li et al., 2015a; Ribeiro et al., 2015b). In studies of Ru-containing catalysts, the major focus is on various supports and attempts to increase the catalyst efficiency via control of the support structure and properties.


Carbon Based Supports

Carbon based materials are popular catalyst supports for cellulose conversion due to high surface area, porosity, and mechanical and thermal stability (Ribeiro et al., 2017a; Adsuar-Garcia et al., 2018). The Ru-containing catalyst based on commercial carbon black treated with H2SO4 to create acidic surface sites displayed comparatively high selectivity to sorbitol (40% at 190°C, 5 MPa, 3 h) and stability upon repeated use (Adsuar-Garcia et al., 2018). Ribeiro et al. compared Ru-containing catalysts based on original multiwall carbon nanotubes (CNT) and those modified by HNO3 to impart oxygenated groups (Ribeiro et al., 2017b). Although the activity of the catalyst based on original CNT was lower than that for the modified support (due to increased acidity), the maximum selectivity to sorbitol reached 70% (205°C, 5 MPa, 2 h), while for the modified support, it was lower by 20%. Clearly, acidity is important for cellulose hydrolysis, but it should be moderate to maintain a high sorbitol yield. This catalyst showed excellent stability upon four reuses. Micro/mesoporous activated carbon containing sulfonic groups and Pt nanoparticles allowed a total hexitol yield of 69.5% at comparatively mild conditions (180°C, 2 MPa, 24 h) (Lazaridis et al., 2017). It is noteworthy, that Ru on the same support showed a much lower hexitol yield, but allowed for high yields of glycerol and PG due to increased hydrogenolysis of hexitols formed. Both catalysts were stable upon four consecutive reaction, while a decreased number of sulfonic groups did not influence the activity and selectivity to hexitols. Rey-Raap et al. reported glucose-derived carbons obtained in the presence of CNT as a support for Ru nanoparticles (Rey-Raap et al., 2019). These materials possess high surface areas, abundant microporosity and low acidity, which increase Ru dispersion and the sorbitol yield to 64.1% (205°C, 5 MPa, 2 h). This type of catalysts is also cost effective as a significant fraction of CNT is replaced with low-cost biomass generated carbon as well as stable. No deterioration of the cellulose conversion or sorbitol yield was observed after four consecutive reactions, which the authors assign to the unchanged Ru oxidation state (according to XPS). A similar approach to low-cost supports was utilized by Li et al. (2019). Carbonized cassava dregs (formed in the starch production) functionalized with SO3H groups and containing Ru nanoparticles allowed for a comparable sorbitol yield (63.8%) at 180°C, 4 MPa for 10 h. The catalyst was stable in hydrothermal conditions in at least five consecutive cycles. Ru-Ni bimetallic catalysts based on activated carbon or CNT (Ru-Ni/AC; Ru-Ni/CNT) have been proposed for direct cellulose conversion to sorbitol (Ribeiro et al., 2017c). Independently of the support, Ni in bimetallic nanoparticles had a promoting effect on catalysis, increasing conversion, and selectivity to sorbitol due to intimate interaction of both metals. The sorbitol yield was in the range of 50–60% (205°C, 5 MPa, 5 h), but it could be further increased to more than 70% when cellulose and catalysts were milled together, an important development in the catalyst pretreatment (Ribeiro et al., 2015a; Liu et al., 2016b). These catalysts preserved their activity in at least four consecutive reactions.

Matveeva et al. reported Ru-containing catalysts based on micro/mesoporous hypercrosslinked polystyrene (HPS), allowing for the sorbitol yield of ~ 50% (245°C, 6 MPa, 0.08 h) at cellulose conversion of 85% (Matveeva et al., 2017). High efficiency of the catalyst is believed to be due to the HPS high surface area and a narrow pore size distribution, controlling the formation of 1.4 ± 0.3 nm Ru-containing nanoparticles. The catalyst stability in at least three catalytic cycles was demonstrated.



Metal Oxide Based Supports

The catalyst based on CuO (a catalytic phase) and the CeO2-ZrO2 support has showed exceptional efficiency: 99.1% selectivity to sorbitol at 92% of the cellulose conversion (245°C, 5.2 MPa, 4 h) in the neutral medium (Dar et al., 2015). Moreover, the catalyst was stable during five consecutive catalytic reactions. The authors believe that such outstanding properties should be attributed to the mesoporous structure of the support, facilitating mass transfer as well as enhanced ability of the Cu-containing catalyst in promoting hydrogenation.

Ru-containing catalysts based on zeolites were also successfully utilized. Wang et al. obtained 39.4% yield of hexitols using mesoporous Ru/HZSM-5 at 200°C, 5 MPa for 10 h (Wang et al., 2015b). The authors believe that Lewis (LAS) and Brønsted (BAS) acid sites formed during the zeolite treatment promote cellulose hydrolysis. In addition, the mesoporous structure of the support increases the surface area and provides better Ru-containing nanoparticle dispersion, leading to a comparatively high yield of hexitols. A significantly higher yield (up to 63.6%) has been obtained with Ni-containing catalysts based on ZSM-5 (Liang et al., 2015). Formation of electron deficient multiply-twinned Ni particles imbedded in zeolite allows for excellent CO adsorption and activation of glucose carbonyl groups, facilitating its hydrogenation with active hydrogen. This is an especially remarkable development because a noble metal (Ru) was replaced with an earth-abundant metal, leading to a greener and cheaper catalyst. Approximately similar hexitol yield (60%) was obtained for Ni/mesoporous-ZSM-5 (240°C, 4 MPa, 2.5 h) (Zhang et al., 2016). Here, the ZSM-5 synthesis was carried out using nanocrystalline cellulose as a template, creating mesopores in a simple and inexpensive way. However, the authors recognize that there is room for improvement as the catalyst is unstable in hydrothermal conditions, with a decreasing hexitol yield to 30 and 10% in the second and third uses, respectively. That is believed to be a consequence of the damage of the zeolite mesoporous structure and aggregation of Ni nanoparticles.




CELLULOSE HYDROGENOLYSIS

There is a high demand for EG and PG for various applications. In 2015, 23 million tons of EG and 1.8 million tons of PG were produced, while the growth prognosis for these compounds for the next 10–20 years is on average 5% a year (Pang et al., 2016; Zheng et al., 2017). However, cellulose conversion to EG and PG is very complicated (Figure 1B) and includes several reactions: hydrolysis, isomerization, retro-aldol condensation, hydrogenation, and hydrodeoxygenation (Rinaldi, 2014; Zheng et al., 2017). In this respect, the development of highly selective catalytic systems for this process is an important and challenging task.


W-Containing Catalysts

Recent studies showed that the high yield of glycols in cellulose hydrogenolysis occurs in the presence of catalysts containing tungsten compounds (Table 1) (Zheng et al., 2017). W-containing catalysts can be used in conjunction with the hydrogenation catalysts or bifunctional catalysts including the hydrogenation catalyst in the W-containing phase can be formed.


Table 1. Catalytic properties of W-containing catalysts in conversion of cellulose to glycolsa.
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Wang et al. synthesized the W-containing catalyst based on ordered mesoporous alumina (MA) which was used together with Ru/C (5 wt.%) in cellulose hydrogenolysis (Wang et al., 2015a). The addition of W(x)-MA (x is the W fraction) allowed for the EG selectivity increase from 3.2 to 19.4%, while conversion remained the same. The authors concluded that W(x)-MA does not participate in cellulose depolymerization (although it contains both LAS and BAS), but influences the final distribution of the reaction products. A more detailed study on the distribution of hydrogenolysis products was presented in (Liu and Liu, 2016). The process was carried out with a mixture of Ru/C and WO3/C (6%) and the dependence of the product distribution on the catalyst was elucidated using kinetic studies of the three competitive reactions of glucose: hydrogenation, isomerization, and C–C bond cleavage. WO3 (solid acid) was found to stimulate cellulose hydrolysis and also to promote cleavage of the C–C bonds in C6 sugars, resulting in EG and PG instead of the sugar hydrogenation to corresponding hexitols on Ru/C. The carbon support with basic properties catalyzed isomerization of glucose to fructose, which again led to the preferential formation of EG and PG. The authors determined that this kinetic analysis allows one to forecast the maximum selectivity ratio of PG to EG (2.5) with the maximum PG yield of ~ 71% (Table 1). Li et al. synthesized Ru-containing catalysts based on WO3 nanocrystals of different shapes: rectangular nanosheets (Li et al., 2017), hexagonal nanorods (h-WO3), and monoclinic nanosheets (m-WO3) (Li et al., 2018b). Detailed structural studies showed the crucial importance of surface LAS formed upon adsorption of water on the surface of WO3 for cellulose conversion to EG. The catalyst based on h-WO3 crystals and containing the largest number of LAS allows for the highest EG yield (77.5%) (Table 1). A 5-fold catalyst reuse did not affect its activity, which could be explained by the unchanged WO3 structure and Ru dispersion. Similar conclusions were obtained by Chai et al. (2017), who compared a series of catalysts based on WO3-ZrO2 (WZr) in conjunction with Ru/C for one-pot cellulose conversion. It was demonstrated that W5+-OH species on the surface of WO3 are active catalytic sites for cleavage of the C2-C3 bond in glucose, while glycolaldehyde formed is hydrogenated to EG on the Ru/C surface.

Ribeiro et al. synthesized Ru- and W-containing mono- and bimetallic catalysts on CNT (Ribeiro et al., 2018a). Incorporation of tungsten in the catalyst along with Ru species shifted the reaction to EG (Table 1). The authors demonstrated a synergetic effect when both Ru and W species were present, while the EG yield could be controlled by the weight fraction of metals. Four repeated uses of the catalyst did not decrease its activity. The authors demonstrated that the structure of the catalyst surface remains unchanged and there is no W leaching, explaining the stability of the catalytic performance. In the other publication reduced graphene oxide (called graphene) has been utilized for syntheses of Ru, WO3, and Ru-W18O49 containing catalysts in the one-pot solvothermal synthesis, allowing reduction of Ru ions and graphene oxide as well as the formation of W18O49 nanowires (Zhang et al., 2019). The bimetallic catalyst showed the highest EG yield at the 100% cellulose conversion and stability in three consecutive cycles, after which the EG yield decreased due to dissolution of the tungsten species in the reaction solution. The catalyst support based on the glucose-derived carbons utilized for hydrolytic hydrogenation of cellulose (Rey-Raap et al., 2019) has been also proposed for cellulose hydrogenolysis (Table 1) (Ribeiro et al., 2019). In this case, the authors demonstrated similar EG yields as those reported for CNT based catalysts (Ribeiro et al., 2018a), but with the much cheaper support at the similar catalyst stability.

As was discussed above, a replacement of noble metals with earth-abundant alternatives has a huge impact on process sustainability and cost. Xiao et al. synthesized multimetallic catalysts based on mesoporous silica (SBA-15) with the composition M-W/SBA-15 (M = Ni, Pd, Zn, Cu) (Xiao et al., 2017b) as well as on silica nanospheres SiO2-OH (Ni-W/SiO2) (Xiao et al., 2018a,c) and demonstrated good EG yields in the range 40–65% (Table 1). An exceptionally high EG selectivity (76%) at the 100% cellulose conversion has been achieved using the 3Ni-15W-3Al catalyst based on mesoporous siliceous material (Hamdy et al., 2017). The catalyst was synthesized in a one-pot procedure to incorporate isolated Al3+ ions, WO3 nanoparticles, and Ni0 nanoparticles with different loadings. The downside of this system is low catalyst stability as leaching of W and Ni after the catalytic reaction was observed (16% of W and 7% of Ni). Nevertheless, we believe this system deserves recognition and further improvement to eliminate leaching. Chu et al. synthesized Cu0-WOx (2<x<3)/AC which allowed >70% EG yield when combined with Ni/AC (Table 1) (Chu and Zhao, 2018). A combination of Cu0 with WOx nanoparticles leads to improved adsorption of a C6 sugar intermediate, followed by its conversion to C2-hydroxyaldehyde further hydrogenated to EG on the Ni species. It was determined that to balance C-C bond cleavage and hydrogenation, a molar ratio of Ni and W should be in the range 1/5–1/3.

CNT and CNF were also utilized as supports for Ni-W-containing catalysts (Table 1) (Liu et al., 2016a; Yang et al., 2016). Both catalysts showed good stability in two-three cycles and an abrupt decrease of the EG yield in further reactions. However, in the case of Ni0.3-W0.3/CNF, the authors determined that the activity loss is not due to leaching or the nanoparticle size change or carbon deposition, but solely due to retention of reaction products which shield active sites. Thus, the catalyst was easily regenerated with full restoration of its initial activity using simple purging with N2 for 30 min at 300°C. This makes the Ni0.3-W0.3/CNF catalyst promising for practical applications despite comparatively low EG yield.

It is noteworthy that the interaction of two types of catalytic species, acidic, and metallic in cellulose hydrogenolysis, is complex and not yet fully understood because of the combination of several processes (see the discussion above). On one hand, it was demonstrated that the reactions of the glucose retro-aldol condensation to glycolaldehyde and its hydrogenation to EG occur independently on different catalytic sites, thus, their intimate contact is not needed (Wiesfeld et al., 2019). On the other hand, the interaction of WO3 and metallic nanoparticles occurring at the electronic level leads to increase of the number of W5+ active sites (Li et al., 2017, 2018b; Chu and Zhao, 2018), which selectively break the C2-C3 bond in glucose (Chai et al., 2017). These data demonstrate the necessity of close contact between acidic and metallic sites. These inconsistencies show that more studies are needed for better understanding of the mechanism of these processes.



Sn- and Co-containing Catalysts

Sun et al. proposed a catalytic system, selectivity of which could be switched from one diol to the other (Sun et al., 2016) using Sn species with different oxidation states in conjunction with Ni catalysts. In the case of combination of Ni/AC with a metallic Sn powder, the main hydrogenolysis product was EG with the yield of 57.6% (245°C, 5 MPa, 1.6 h). When a mixture of Ni/AC and SnO was used, PG with the yield of 32.2% (22.9% for EG) was formed. The authors demonstrated that the Sn species in the NiSn alloy formed in situ from Ni and Sn powders are active sites for the EG formation. It is noteworthy that both Sn in the alloy and SnO catalyze the glucose retro-aldol condensation to glycolaldehyde, but only SnO is active in the isomerization of glucose to fructose. These catalysts showed a relative stability in hydrothermal conditions, which according to authors' opinion make them promising for industrial applications. Xiao et al. observed a similar effect of the increasing PG yield upon using nano-Sn species with different oxidation states in combination with Ni catalysts (10%Ni−15%Sn/SBA-15) (Xiao et al., 2017a). Excellent glycol yields (55.2% for EG and 33.9% for PG) were obtained with the weakly basic Co/CeOx catalyst (Li et al., 2019). The authors demonstrated that the interaction between well-dispersed Co species and the CeOx support results in the formation of the Con+-Ox-Ce3+ base-acid pairs—main catalytic sites—providing the optimal balance between hydrolysis, retro-aldol condensation, isomerization, and hydrogenation and leading to high diol yields. Unfortunately, the lack of the catalyst stability studies does not allow one to evaluate the promise of these catalysts.



Magnetically Recoverable Catalysts

Magnetically recoverable catalysts received considerable attention in all fields of catalysis including cellulose conversion due to economic and environmental benefits upon easy magnetic separation of catalysts (Li et al., 2015a; Liu and Zhang, 2016; Sudarsanam et al., 2018). To the best of our knowledge, direct conversion of cellulose to EG and PG with magnetically recoverable catalysts was reported only in (Manaenkov et al., 2016), although the utilization of magnetically recoverable catalysts in cellulose hydrolysis (Zhang and Fang, 2012; Li et al., 2015a), direct conversion of cellulose to sorbitol (Kobayashi et al., 2014; Zhang et al., 2014) and hydrogenolysis of sorbitol to glycols (Ye et al., 2012) has been previously described. The authors developed magnetically recoverable catalysts based on Ru-containing nanoparticles formed in the pores of magnetic silica, Fe3O4-SiO2. The highest selectivities to EG and PG were 19 and 20%, respectively, at 100% cellulose conversion (255°C, 6 MPa, 0.83 h) with the addition of 0.195 mol of Ca(OH)2 per 1 mol of cellulose. High stability in at least three consecutive cycles and easy magnetic separation from the reaction medium make this catalyst promising for applications in biomass conversion.




SUMMARY AND OUTLOOK

In summary, we can identify several major trends in hydrolytic hydrogenation and hydrogenolysis of cellulose:

Cellulose is converted in pure subcritical water, which is cheap, non-toxic and an excellent medium for acid-based catalyzed reactions;

Mineral acids as co-catalysts are replaced by simultaneous ball milling of the catalyst and cellulose to facilitate the process;

The majority of the proposed catalytic systems are bifunctional and could catalyze not only hydrogenation, but also hydrolysis, retro-aldol condensation, and isomerization, giving the best yields of target polyols—a strategy based on a balance of the catalytic efficiency toward the above reactions;

In the most promising catalytic systems, noble metals (Ru, Pt, etc.) are substituted by earth-abundant metals (Ni, Cu, Sn, Co, etc.), although the problem of stability of these systems still needs to be addressed.

Despite some unresolved issues, many reported catalysts possess excellent catalytic properties and stability in hydrothermal conditions, which allowed their successful testing not only in the conversion of pure microcrystalline cellulose, but also for cellulose containing materials such as cotton, cotton wool, paper (Ribeiro et al., 2017a,d, 2018b), wood lignocellulosic biomass (Yamaguchi et al., 2016; Ribeiro et al., 2018b; Xiao et al., 2018b; Pang et al., 2019), corn stalks, millet, sugarcane, etc. (Liu et al., 2017; Li et al., 2018a), which demonstrates a promising outlook for the future development of multi tonnage production of value-added chemicals and fuels from cellulose biomass.
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5-hydroxymethylfurfural (5-HMF) is one of the key bio-based platform chemicals for the production of high-value chemicals and fuels. The conventional production of 5-HMF from biomass is confronted by the relatively low yield and high production cost. In this work, the enhancement of a continuous catalytic synthesis of 5-HMF in a biphasic-dispersed flow reactor was proposed. Glucose, hydrochloric acid, and methyl isobutyl ketone (MIBK) were used as a low-cost raw material, catalyst, and organic solvent, respectively. The main factors (reaction temperature, residence time, solvent amount, and catalyst concentration) affecting the yield and selectivity of 5-HMF were studied. The 5-HMF yield of 81.7% and 5-HMF selectivity of 89.8% were achieved at the residence time of 3 min, reaction temperature of 180°C, the volumetric flow rate of aqueous phase to organic phase of 0.5:1, and catalyst concentration of 0.15 M. The yield and selectivity of 5-HMF obtained from the biphasic system were significantly higher than that obtained from the single phase system. The superior 5-HMF production in our system in terms of operating conditions was presented when compared to the literature data. Furthermore, the continuous process for removing HCl from the aqueous product was also proposed.

Keywords: glucose, 5-hydroxymethylfurfural, microreactor, homogeneous catalyst, dispersed-flow


INTRODUCTION

Nowadays, the manufacturing of fuels and chemicals from non-renewable sources has raised growing environmental concerns. This led to research and development promoting the use alternative sources of energy instead of conventional fossil-based sources. One of the promising strategies is to transform biomass into high-value chemical substances. Among the biomass-based materials, 5-Hydroxymethylfurfural (5-HMF) nowadays has received a lot of attention due to the possibility of converting it into various high-value products such as 5-furandicarboxylic acid, 2,5-dimethyltetrahydrofuran, and 2,5-bis(hydroxymethyl)furan (Rosatella et al., 2011).

5-HMF is generally produced through the dehydration reaction of fructose with a presence of catalyst in order to achieve high conversion and selectivity; however, this technique is restricted by the inherent disadvantages posed by the high production cost and limited accessibility of fructose (Agarwal et al., 2018). Recently, many researchers have attempted to find effective substrates for producing 5-HMF such as glucose because of the low production cost and uninterrupted supply (Hu et al., 2013). Unfortunately, using glucose as a substrate to produce 5-HMF normally involves the isomerization of glucose to fructose and dehydration of fructose to 5-HMF, leading to the catalyst requirement of both Lewis acid and Brønsted acid for isomerization and dehydration, respectively. The relatively low yield and selectivity are the consequence of using this substrate (Rosatella et al., 2011). To overcome the yield issue, many different routes and methods have been proposed. For instance, supercritical conditions was reported to enhance the synthesis of 5-HMF from glucose (Watanabe et al., 2005b). However, the equipment and operating cost are still the major issues for this technique. As an alternative solution, many novel heterogeneous catalysts have been developed (Yang et al., 2015; Xin et al., 2017). Yet, this method requires a complicated catalyst preparation procedure. The synthesis of 5-HMF via the direct dehydration of glucose can be possible with the use of a very high concentration of Brønsted acid (Li et al., 2017). Unfortunately, the slow rate of reaction is one of the major obstacles for this route.

Microreactor technology has emerged as one of the attractive solutions for many applications confronted by the transport phenomena issues (Yao et al., 2015). High productivity with low production costs is another highlight of this technology because it involves a continuous production process. For the production of 5-HMF from glucose, microreactor technology was recently introduced to enhance the yield and selectivity of 5-HMF as reported by Guo et al. (2019) using bifunctional homogeneous catalysts (Lewis and Brønsted acids). High-throughput 5-HMF was successfully achieved through this technique due to efficient extraction of 5-HMF from the aqueous phase compared to the conventional reactors. A slug flow pattern was also observed from their works providing small liquid-liquid interfacial areas for mass transfer compared to the dispersed-flow condition which would conceivably require a shorter contact time (Dore et al., 2012).

Based on the literature, 5-HMF production via the direct dehydration of glucose under dispersed flow conditions has never been investigated. Therefore, in this work, we proposed a simple and effective 5-HMF synthesis through the dehydration of glucose using commercial hydrochloric acid as catalyst by applying the microreactor technology. The effect of operating conditions, including reaction temperature, residence time, catalyst concentration, and organic-to-aqueous volumetric ratio on the 5-HMF yield and selectivity was investigated. The performance of 5-HMF synthesis in both monophasic and biphasic systems was evaluated. The production performance of our method was compared to that of other production techniques. For purification of product, we also developed a continuous method for the removal of HCl from aqueous product.



MATERIALS AND METHODS


Materials

Glucose and fructose (AR grade) were purchased from Fisher Scientific. 37% (w/w) hydrochloric acid (HCl) and methyl isobutyl ketone (MIBK) were obtained from Merck. Analytical standard of 5-HMF was purchased from Sigma-Aldrich. Acetonitrile (HPLC grade) was acquired from Honeywall and was used as a mobile phase for product analyst.



5-HMF Synthesis

Prior to the experiment, glucose, deionized (DI) water, and HCl were uniformly mixed in a beaker at various HCl concentration levels, whereas the glucose concentration was kept constant at 5 g/L for all experiments. MIBK was used as an organic solvent for extraction of 5-HMF during the synthesis. The aqueous phase (glucose and HCl dissolved in water) and the organic phase (MIBK) were separately fed into the T-micromixer via HPLC pumps at different flow rates depending on the residence time and the ratio of organic to aqueous phase investigated. Before entering the micromixer, both liquid streams were preheated to the desired temperature. After mixing, the two-phase mixture entered the microtube reactor (ID: 0.87 mm, 4 mL) where the reactions took place. The micromixer and microreactor were placed in a convection oven to control the reaction temperature. To avoid the vaporization of solvent, a back-pressure regulator was installed at the exit end of the reactor to control the pressure of the system at 80 bar. The outlet stream from the back-pressure regulator was quenched to stop any further reaction. The product, in both organic and aqueous phases, was then collected in order to evaluate the amount of 5-HMF as well as the reaction performance, including conversion, selectivity, and yield. Figure 1 represents the experimental setup of this work.


[image: Figure 1]
FIGURE 1. Schematic diagram of the experimental apparatus.




Product Analysis

The amount of 5-HMF was determined by HPLC technique with UV detector (UV; model 2550, Varian) at 320 nm. The ACE C18 column (4.6 mm × 250 mm, 5 μm particle size, Advanced Chromatography Technologies) was applied as a separation column, which was operated at the temperature of 35°C. The mobile phase solution of water and acetonitrile [90:10 (V/V)] was used at a flow rate of 0.7 mL/min. The identification of peaks was based on the comparison of the retention time between the sample and that of the standard compounds. The external standard was used to quantitate the amount of 5-HMF. The side reaction products including formic acid and levulinic acid were detected under the similar conditions as the analysis of HMF except that the UV wavelength was 295 nm.

The remaining monosaccharides (glucose and fructose) was analyzed by HPLC equipped with RI detector (RI; model YL9170, YL Instrument). The analysis was performed on the APS-2 Hypersil (4.6 mm × 250 mm, 5 μm particle size, Thermo Scientific) at the temperature of 35°C. A stream of 75:25 (v/v) acetonitrile: water was applied as a mobile phase at the flow rate of 0.7 mL/min.

The production performance of our method was designated by several parameters as described below.
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RESULTS AND DISCUSSION


5-HMF Synthesis in a Monophasic System

First, the monophasic system was used to study the behavior of 5-HMF in a microreactor system. Note that the monophasic synthesis of 5-HMF from glucose in a microreactor has hardly been investigated. The experiments were performed under various reaction temperatures (150–180°C), residence times (3–10 min), and HCl-to-glucose weight ratios (1:1 to 4:1). For the HCl-to-glucose weight ratio, the weight of HCl and glucose were based on the 37% (w/w) HCl and the weight of anhydrous glucose powder, respectively. The results are shown in Figures 2, 3.


[image: Figure 2]
FIGURE 2. Effect of reaction temperature on the yield of 5-HMF produced in a monophasic system at various residence times.



[image: Figure 3]
FIGURE 3. Effect of catalyst concentration on the yield of 5-HMF produced in a monophasic system under various residence times.


Figure 2 shows the effect of reaction temperature on the yield of 5-HMF at a constant HCl-to-glucose weight ratio of 3:1, while the residence time was varied in the range of 3–10 min. The results show that the yield of 5-HMF increased with increasing reaction temperature. For example, at a residence time of 5 min, the 5-HMF yield increased from 9.7 to 36.3% with an increase in reaction temperature from 150 to 180°C, since the dehydration of glucose to 5-HMF is highly endothermic reaction (Assary et al., 2010). This means that an increase in the reaction temperature favors the dehydration reaction that converts glucose into 5-HMF. Note that a further increase in reaction temperature of more than 200°C might cause the decomposition of glucose to undesired products such as anhydroglucose and glyceraldehyde (Matsumura et al., 2006; Souza et al., 2012). The highest yield of 42.5% was achieved at a reaction temperature of 180°C. Therefore, this reaction temperature was selected for further experiments of 5-HMF synthesis in this work, which was in line with many related reports (Zhang et al., 2015; Muranaka et al., 2017). Additionally, at the reaction temperature of 165 and 180°C, the 5-HMF yield decreased with increasing residence time. This was because 5-HMF produced rapidly at the early stage of the reaction was subsequently converted into formic and levulinic acids through the hydration reaction. On the other hand, at the reaction temperature of 150°C, the yield of 5-HMF increased almost linearly as the residence time increased. At this temperature, the system was not greatly affected by the rehydration of 5-HMF because the production rate of 5-HMF was relatively slow.

The effect of residence time on the yield of 5-HMF was further investigated under various HCl-to-glucose weight ratios (represented as a catalyst concentration), as shown in Figure 3. To study this effect, the reaction temperature was kept constant at 180°C. For the HCl-to-glucose weight ratio of 1:1, the 5-HMF yield increased from 12.4 to 25.0% when the residence time was changed from 3 to 5 min and then reached the maximum value of 33.3% at the residence time of 10 min. However, the prolonged residence time exceeding 10 min provided a negative impact on the yield of 5-HMF due to the transformation of the 5-HMF into other by-products. This was similar to results obtained using the HCl-to-glucose weight ratio of 2:1, 3:1, and 4:1. Besides, a trace of glucose was detected in the product outlet, as shown in the HPLC chromatogram (see Figure 4). This implies that the direct dehydration of glucose to 5-HMF occurred in the system when only the Brønsted acid was applied for 5-HMF synthesis.


[image: Figure 4]
FIGURE 4. HPLC chromatograms of (A) fructose, (B) glucose, (C) sample (reaction condition: HCl-glucose ratio of 1:1, residence time of 5 min and reaction temperature of 180°C).


Moreover, an increase in catalyst concentration significantly shortened the residence time required to achieve the maximum yield (see Figure 3). For example, it took 10 min to reach the maximum yield of 33.3% when using the weight ratio of HCl to glucose of 1:1, while the residence time of only 5 min was sufficient to achieve the maximum yield of 37.8% for the weight ratio of HCl to glucose of 2:1. From this result, at a reaction temperature of 180°C, the highest yield of 42.5% was achieved at the weight ratio of HCl to glucose of 3:1 and residence time of 3 min. It was apparent that our monophasic synthesis in a microreactor provided superior performance compared to the conventional stirred batch reactor carrying out the monophasic synthesis of 5-HMF. For instance, the yield of 5-HMF below 10% was obtained from the conversion of glucose using mineral acid as catalyst operating for the reaction temperature and residence time in the range of 170–200°C and 3–20 min, respectively (Mednick, 1962; Watanabe et al., 2005a; Qi et al., 2008). Nevertheless, the yield of 5-HMF in our system was still too low; therefore, the development of our technique was further extended to the application of a biphasic system.



5-HMF Synthesis in a Biphasic System

In this work, MIBK was applied as solvent to selectively extract 5-HMF from the aqueous phase, preventing further reactions of 5-HMF into undesired products. In order to optimize the operating conditions, several operating variables were investigated as follows; volumetric ratios of organic to aqueous phase (0.2:1 to 5:1), weight ratios of HCl to glucose (1:1 to 3:1), and residence times (2–10 min). The first variable was the weight ratio of HCl to glucose. Figures 5, 6 show the effect of catalyst concentration on the yield and selectivity of 5-HMF at different residence times and weight ratios of HCl to glucose, where the volumetric ratio of organic to aqueous phase of 1:1 was kept constant. As expected, a similar behavior was observed as compared to that of the monophasic system. An increase in catalyst concentration promoted both 5-HMF yield and selectivity, indicating that the direct dehydration of glucose into 5-HMF was possible with high concentration of Brønsted acid (HCl). For high HCl-to-glucose weight ratios (high catalyst concentration), a shorter residence time was required to avoid further conversion of 5-HMF to other by-products since large amount of 5-HMF was rapidly produced in the system. This result was in good agreement with the report of Chheda et al. (2007). An extremely low yield of 5-HMF was obtained in the biphasic catalyst-free system proving that the catalyst is required to obtain reasonably high yield of 5-HMF with relatively short residence time. As shown in Figure 5, a significant increase in the yield of 5-HMF produced in the biphasic system was observed when compared to that of the monophasic system (see Figure 3). This was owing to the suppression of further conversion of 5-HMF into undesired products as the 5-HMF was efficiently extracted into the organic phase. This also led to the shifting of the equilibrium reaction of glucose toward the formation of 5-HMF through the direct dehydration of glucose. This result verified that the extraction of 5-HMF from the aqueous phase into the organic phase is also one of the major factors to control the yield of 5-HMF. Moreover, a significant increase in the yield and selectivity of 5-HMF from the biphasic system was observed as the concentration of catalyst increased. This was because an increase in the catalyst concentration led to a larger number of acid sites, accelerating the direct dehydration of glucose into 5-HMF. The highest yield of 5-HMF of 52.6% was achieved at the weight ratio of HCl to glucose of 3:1 and the residence time of 3 min (see Figure 5).


[image: Figure 5]
FIGURE 5. Effect of catalyst concentration on the 5-HMF yield in a biphasic system under various residence times. (B) and (M) represent the biphasic system and monophasic system, respectively.



[image: Figure 6]
FIGURE 6. Effect of catalyst concentration on the selectivity of 5-HMF produced in a biphasic system under various residence times.


The effect of organic-to-aqueous volumetric ratio on the yield and selectivity of 5-HMF was investigated in the range of 0.2:1 to 5:1 under various catalyst concentrations and residence times, whereas the reaction temperature was held constant at 180°C. Results are shown in Figure 7. At low organic-to-aqueous volumetric ratios (0.2:1 and 0.5:1) and weight ratio of HCl to glucose of 1:1 (see Figure 6), an increase of the organic-to-aqueous volumetric ratio from 0.2:1 to 0.5:1 slightly promoted the yield and selectivity of 5-HMF from 54.6 to 57.3% and from 56.3 to 58.6%, respectively. This was because the larger amount of MIBK in the system transferred 5-HMF from aqueous phase into the organic phase more effectively, preventing the rehydration of 5-HMF into undesired products (Leshkov and Dumesic, 2009; Dalessandro and Pliego, 2018). Higher extraction efficiency was strongly related to the mass transfer rate of 5-HMF into the organic phase (Zhou et al., 2018). However, the negative effect on the yield and selectivity is observed (see Figure 7) when the organic-to-aqueous volumetric ratio was higher than 0.5:1. With increasing the amount of MIBK in the system, the possibility that MIBK phase was contaminated with water also increased. As more water was able to dissolve into the MIBK phase, the hydration reaction between 5-HMF and water in the MIBK phase took place to a greater extent leading to the decline in both yield and selectivity of 5-HMF. A similar trend was found when the weight ratios of HCl to glucose of 2:1 (see Figure 7) and 3:1 (see Figure 8) were applied. Our results were in line with the report of Shimanouchi et al. (2016) who synthesized 5-HMF from fructose in a microtube reactor and found that the yield of 5-HMF decreased the volumetric ratio of organic to aqueous exceeded 1.25:1. Note that the yield and selectivity of 5-HMF decreased with increasing HCl weight ratio. Again, this was due further conversion of 5-HMF to undesired products under the prolonged reaction time (6.7 min).


[image: Figure 7]
FIGURE 7. Effect of organic-to-aqueous volumetric ratio on the yield and selectivity of 5-HMF produced in a biphasic system for the residence time of 6.7 min.



[image: Figure 8]
FIGURE 8. Effect of organic-to-aqueous volumetric ratio on the yield and selectivity of 5-HMF in a biphasic system for the catalyst ratio of 3:1.


Figure 8 shows the effect of the organic-to-aqueous volumetric ratio on the yield and selectivity of 5-HMF at various residence times. The highest 5-HMF yield and selectivity of 81.7 and 89.8%, respectively, were achieved when using the organic-to-aqueous volumetric ratio of 0.5:1, reaction temperature of 180°C, and weight ratio of HCl to glucose ratio of 3:1. This was the highest yield reported so far for the synthesis of 5-HMF from glucose, demonstrating the enhancement of 5-HMF synthesis thought our method. The other products were formic acid and levulinic acid, confirmed by comparing with the analytical standards as shown in Figure 9.


[image: Figure 9]
FIGURE 9. HPLC chromatograms of (A) sample at optimal conditions and (B) standards; hydrochloric acid (HCl), formic acid (FA), levulinic acid (LA), and hydroxymethylfurfural (HMF).


Furthermore, we compared these findings to the related results from other systems reported in the literature. The superior performance of our synthesis was evident. Only a small amount of MIBK was sufficient to effectively improve the yield and selectivity of 5-HMF. This was quite different to various reports the literature indicating relatively larger amount of MIBK in order to optimize the yield (the MIBK-to-aqueous volumetric is normally between 2:1 and 4:1). For example, in the work of Lueckgen et al. (2018) who applied a microtube reactor to synthesize 5-HMF from fructose, the volumetric ratio of MIBK-to-aqueous phase of 4:1 was necessary to obtain the maximum yield of about 80%. Another example was reported in the work of Delbecq et al. (2017) who studied the conversion of glucose to 5-HMF in a microwave-assisted batch reactor. The yield of 5-HMF of 45% was obtained with the MIBK-to-aqueous volumetric ratio of 3:1. Other related examples can be found elsewhere (Moreno-Recio et al., 2016; Jiang et al., 2018). The superior performance of our process was associated to the efficient extraction of 5-HMF from the aqueous phase due to the dispersed flow of the organic-aqueous mixture in our system. This was confirmed by observing the cloudy liquid product at the outlet of the reactor. This behavior was also investigated through a particular set of experiments to observe the flow pattern at the outlet of the T-micromixer. A stream of glucose solution mixed with green dye (to improve the visibility) and a stream of pure MIBK were used as feed streams. The experiments were carried out under ambient temperature, while the flow rate of aqueous stream and the flow rate of organic stream were the same as those of the reaction test conditions with the residence time of 3 min, and aqueous-to-organic phase of 0.5:1; 1:1; and 1:1.5. As shown in Figure 10, the dispersed flow was observed due to the presence of small droplets surrounded by the continuous phase, suggesting that mixing of aqueous and organic streams in our system was efficient.


[image: Figure 10]
FIGURE 10. Flow pattern of our reacting mixture at the outlet of micromixer (a) O/A of 1:0.5, (b) O/A of 1:1, and (c) O/A of 1:1.5.


The effect of organic-to-aqueous volumetric ratio on the yield and selectivity of 5-HMF can be interpreted by the extraction efficiency as shown in Figure 11. The results obtained at the residence time of 6.7 min, weight ratio of HCl to glucose of 1:1, and reaction temperature of 180°C showed that, the extraction efficiency was approximately the same throughout the range of organic-to-aqueous volumetric ratio investigated. Again, due to the increased possibility of water to contaminate in the organic phase, the hydration reaction between 5-HMF and water also took place in the organic phase. Consequently, the concentration of 5-HMF in both phases decreased rapidly with increasing the organic-to-aqueous volumetric ratio. These results were in line with the yield and selectivity results shown in Figure 7. Similar results were also reported in the work of Lueckgen et al. (2018).


[image: Figure 11]
FIGURE 11. Effect of organic-to-aqueous volumetric ratio on the extraction efficiency.




Product Purification

Since the product obtained from the synthesis was contaminated with catalyst, the purification of 5-HMF was required. Note that, HCl is not soluble in an organic phase. Hence, we focused on a method for the removal of HCl (catalyst) from the aqueous product. A continuous process was developed by using a ion-exchange resin (Amberlyst A21) in order to selectively adsorb HCl. The amount of 1.5 g of resin was placed in a mini-packed bed (ID: 1/4”, 5.7 mL), which was used as a separator. A syringe pump was used to introduce the aqueous product through the bed. To verify our method, 0.15 M HCl in the aqueous phase was used as a model solution. Mini-packed bed reactor packed with ion-exchange resin (Amberlyst A21) with the amount of 1.5 g was used as a separator for both monophasic and biphasic systems. For the monophasic system, Only a stream of hydrochloric solution was fed through the adsorbent. On the other hand, a stream of MIBK was also mixed the stream of HCl solution before passing through the bed. The experiments were carried out at an ambient temperature at various residence times (3–20 min). The amount of HCl (in the aqueous phase) at the outlet of the separator was analyzed by HPLC using the same method as for the analysis of 5-HMF. Figure 12 shows that the trace of HCl was not detected from the aqueous phase for all residence times studied (3–20 min) for both cases (monophasic and biphasic system with a volumetric ratio of 0.5:1). These results suggested that the separation time of 3 min was sufficient for the removal of HCl from aqueous product. Hence, the product was effectively free of HCl.


[image: Figure 12]
FIGURE 12. HPLC chromatograms of feed and product from the aqueous phase in both monophasic and biphasic systems.


Moreover, similar experiments were performed to study the loss of 5-HMF during the separation of HCl. In these experiments, 5-HMF concentration at the optimal condition (81.7% of yield) was used as a feed solution. No significant losses of 5-HMF were observed at the stream outlet for the separation time of 3–20 min (see Figure 13). This result suggested that the in-situ processes of 5-HMF production and acidic purification is possible. However, further studies for optimizing the separation conditions should be performed. For the removal of solvent from 5-HMF, an evaporator can be used.


[image: Figure 13]
FIGURE 13. HPLC chromatograms of 5-HMF feed and 5-HMF outlet.




Process Performance Comparison

To compare the process performance, 5-HMF yield obtained from our process was compared with those obtained from the related literature that employed different reactor types and operating conditions as summarized in Table 1. Apparently, our microreactor system provided an impressive yield of 5-HMF of 81.7% while the residence time was considerably shorter than that of other systems. Our system also offered other advantages such as the use of low catalyst concentration and small amount of organic solvent. This implied a smaller reactor volume required as well as a much reduced cost of solvent separation. Besides, when comparing the different types of reactors, the 5-HMF synthesis in a microreactor was apparently more effective than those performed in a batch reactor. This was due to the effective transfer of 5-HMF through the interface between organic phase and aqueous phase, while the batch reactor was affected by the dilution and small interfacial areas for the transfer of 5-HMF. For the cases of microreactor, the 5-HMF synthesis under a dispersed-flow condition (our method) provided superior performance compared to those performed under a slug-flow condition (Muranaka et al., 2017; Guo et al., 2019). From the results, it was evident that our process would be more economical due to the lower requirement of operating conditions. In addition, the production capacity of the microreactor system would be easily adjusted via the numbering-up method.


Table 1. Comparison of 5-HMF synthesis from glucose with literature.

[image: Table 1]




CONCLUSION

The synthesis of 5-HMF from glucose using HCl as catalyst was enhanced through the use of microreactor technology performed under the dispersed-flow condition. The biphasic system was found to be an effective means to suppress undesired reaction of 5-HMF and improved the yield and selectivity of 5-HMF. The main effect of operating conditions on the yield and selectivity including reaction temperature, catalyst concentration, organic-to-aqueous volumetric ratio, and residence time was studied. According to the ranges of operating conditions studied in this work, the 5-HMF yield of 81.7% was achieved at the residence time of 3 min, organic-to-aqueous volumetric ratio of 0.5:1, reaction temperature of 180°C, and weight ratio of HCl-glucose of 1:1. Compared to the literature data, this system was considered more efficient in terms of contact time, catalyst concentration, and the amount of solvent required. The removal of HCl from the aqueous phase was achieved using a mini-packed bed reactor filled with ion-exchange resin.
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Butanol is a by-product obtained from biomass that can be valorized through aqueous phase reforming. Rh/ZrO2 catalysts were prepared and characterized, varying the size of the support particles. The results showed a relatively mild effect of internal mass transport on butanol conversion. However, the influence of internal transport limitations on the product distribution was much stronger, promoting consecutive reactions, i.e., dehydrogenation, hydrogenolysis, and reforming of propane and ethane. Hydrogen consuming reactions, i.e., hydrogenolysis, were more strongly enhanced than hydrogen producing reactions due to internal concentration gradients. Large support particles deactivated faster, attributed to high concentrations of butyraldehyde inside the catalyst particles, enhancing deposit formation via aldol condensation reactions. Consequently, also the local butyric acid concentration was high, decreasing the local pH, enhancing Rh leaching. The influence of internal transfer limitation on product distribution and stability is discussed based on a reaction scheme with three main stages, i.e., (1) formation of liquid intermediates via dehydrogenation, (2) formation of gas via decarbonylation/decarboxylation reactions, and (3) hydrocarbon hydrogenolysis/reforming/dehydrogenation.

Keywords: aqueous phase reforming, hydrogen, mass transfer, reaction pathway, rhodium


INTRODUCTION

The environmental issues and the depletion of conventional sources of energy demand development of alternative and sustainable technologies. Among the several possibilities, biomass is seen as a strategic feedstock for the production of renewable energy and materials. One of the possible products of biomass exploitation is hydrogen, through thermochemical or biological routes (Balat and Kirtay, 2010).

In the last years, a considerable effort has been put on the production of hydrogen from oxygenated hydrocarbons, e.g., via aqueous phase reforming (APR) (Cortright et al., 2002). The Dumesic research group demonstrated that hydrogen can be produced from alcohols in water in the condensed phase, with a noteworthy energetic advantage compared to the conventional steam reforming as evaporation of water is circumvented (Davda et al., 2005).

APR is a promising strategy for valorization of aqueous side-streams. Among the possible reactants for this process, oxygenates with 1 to 1 O to C ratios are preferred for H2 production, via reforming and subsequent water gas shift reaction (Cortright et al., 2002; Shabaker et al., 2003a; Davda et al., 2005). Indeed, methanol is the most investigated mono-alcohol, thanks to its optimal carbon/oxygen ratio.

However, little attention has been paid so far to APR of butanol, despite its strategic importance as it can be produced from biomass via fermentation of sugar cane (Kumar et al., 2017). Also, aqueous waste streams of e.g., flash pyrolysis contain butanol, making it an interesting model compound for study. As a matter of fact, butanol has been studied for hydrogen production vis supercritical water reforming for its representativeness of oxygenates present in the bio-oil aqueous phase (Gutiérrez Ortiz et al., 2016; Gutiérrez Ortiz and Campanario, 2018).

Roy et al. investigated for the first time APR of butanol over Ni-based catalysts supported on ceria or alumina (Roy et al., 2011). Successively, the same research group used these catalysts also in harsher conditions, i.e., for steam reforming of butanol, enlarging the range of operating conditions as reaction temperatures, pressure, concentration, and flow rate of the feed (Roy et al., 2014).

In previous work we investigated the steam reforming of butanol over a Rh/ZrO2 catalyst (Harju et al., 2015, 2016). This catalytic system showed promising results in terms of hydrogen productivity and stability, since coke formation is slower compared to other supports. APR of higher alcohols results in significant formation of hydrocarbons on more conventional metal catalysts (Roy et al., 2011, 2014; Lobo et al., 2012) because of limited C-C cleavage. Rh however is known to be active for C-C cleavage (Sinfelt, 1973; Bond et al., 1996) and low temperature steam reforming (Kolb et al., 2004; Halabi et al., 2010). It has been recently showed that, among several metals (Pd, Ru, Re, Ir, and Cr) Rh was the best promoter in a bimetallic Pt-based catalyst for the APR of glycerol (Larimi and Khorasheh, 2019). Furthermore, ZrO2 is known as one of the few oxides capable of resisting the harsh hydrothermal conditions of APR (Elliott et al., 1993), unlike more commonly used supports (De Vlieger et al., 2012). Therefore, this study explores the use of Rh/ZrO2 for the valorization of butanol in APR conditions.

APR is a three phase (G-L-S) system and therefore issues related to mass transfer limitations may arise. Hydrogen mass transfer is of paramount importance in APR as reported by Neira D'Angelo et al. (2013, 2014a,b) reporting that microchannel reactors enhance mass transfer, increasing the hydrogen yield by suppressing sequential reactions consuming H2.

The goal of this work is to determine the effect of internal mass transfer on aqueous phase reforming of butanol over Rh/ZrO2 catalyst by varying the dimension of the catalyst particles using a reactor design that increase the sensitivity for internal mass transfer. For example, in contrast to previous works (Neira D'Angelo et al., 2013, 2014a), the reactor was not flushed with inert gas, so that the concentration of gas products outside the catalyst particles was relatively high, retarding diffusion out of gaseous products. The obtained results allow not only to discuss the effect of internal mass transport on product distribution and deactivation, but also to propose a reaction scheme.



MATERIALS AND METHODS


Catalyst Synthesis

The catalysts were prepared by vacuum assisted dry impregnation method followed by calcination at 850°C, described in more detail in earlier work (Harju et al., 2015). To obtain the different catalyst particle sizes, the ZrO2 support (monoclinic ZrO2, MEL Chemicals) was crushed and sieved to the desired particle sizes prior to impregnation. The support particles sizes remained unchanged during catalyst preparation.



Catalyst Characterization

The Rh content of both fresh and spent catalyst was determined by X-Ray Fluorescence performed with Malvern Panalytical Axios mAX 3 kW. The 7-point BET surface area of both fresh and spent catalyst was performed with Coulter Omnisorp 100 CX, using methods described elsewhere (Kaila et al., 2007, 2008). Pore volume of both fresh and spent catalyst were determined during the same N2 physisorption measurement as the BET surface area, using the NLDFT method, assuming spherical and cylindrical pores. Unfortunately, the equipment used for BET measurement did not allow experiments with small particles and only the samples with the largest particle size could be measured. The Rh dispersion on both fresh and spent catalyst was determined using pulsed H2 chemisorption in Ar (Chemisorb 2750, Micromeritics). The Rh particle size distribution on spent catalyst was determined by scanning tunneling electron microscopy (STEM) using Jeol 2200FS equipped with spherical aberration corrector. Elemental C, H, and O analysis of the deposits on spent catalyst was done using methods described in previous work (Harju et al., 2016). The elemental analysis was also done for fresh catalyst to determine the contribution of hydroxyl and carbonate groups of atmospheric origin.



Reaction Experiments

A schematic representation of the set-up used for APR experiments is reported in Figure 1. The reactant solution (5 wt% n-butanol in de-ionized water) was pressurized and fed by a setup of dual ISCO D-pumps and pre-heated up to the desired reaction temperature (220°C) before the catalytic bed. The catalytic bed was 7 mm in diameter. The catalyst loading in the reactor was varied (1.5, 1.0 and 0.1 g for the 250–420, 60–100, and 40–60 μm catalysts, respectively, resulting is acceptable bed height), keeping the LHSV constant at 150 h−1 for all the experiments by adjusting the volumetric flow rate. The set temperature was reached about 30 min after starting heating, and it was considered in the results as the zero time. Afterwards the effluent was cooled down to room temperature by a water-cooled tubular heat exchanger. The pressure was kept constant at ~35 bar by a manual back-pressure regulator (TESCOM, model 26-1764-24-090) following the heat exchanger. Prior to phase separation at ambient pressure in a separation vessel, nitrogen sweep gas was introduced to the stream to aid in gas product purging and to keep a steady minimum flow present to improve accuracy of both gas phase analysis and flow rate measurement. The gaseous products were periodically sampled from the top of the de-mister section of the phase separation vessel for analysis in a Varian micro-GC, while the gas flowrate was measured by a gas mass flow meter. The liquid flowrate was integrally measured by weighing the eluent collection vessel mounted on a scale.


[image: Figure 1]
FIGURE 1. Schematic of the experimental set-up. 1. Piston pumps. 2. Pre-heater. 3. Heater. 4. Catalyst section. 5. Heat exchanger. 6. Back-pressure valve. 7. Gas-liquid separation vessel. 8. Varian Micro-GC. 9. Eluent collection vessel. 10. Gas mass-flow meter.


The time on stream (TOS) was 150 min for the 40–60 and 60–100 μm particles and 210 min for the 250–420 μm particles. After cooling the system overnight, the catalyst was removed from the reactor and dried at 100°C overnight.



Product Analysis and Calculation

The gas products were analyzed with a Varian micro-GC equipped with two columns with a TCD detector to determine the yields. H2, O2, N2, CH4, and CO were analyzed with a Molsieve 5A column (argon carrier, temperature column 100°C), while CO2, C2H4, C2H6, C3H6, and C3H8 were analyzed over a PoraPLOT U column (helium carrier, temperature column 85°C).

The liquid phase was sampled every 30 min and analyzed with a Shimadzu HPLC (Prominence) equipped with an Aminex HPX-87H column and a refractive index detector (RID). The flow rate of the mobile phase (5 mM H2SO4 aqueous solution) was fixed at 0.6 ml/min and the working temperature at 30°C. External calibration curves were used for the quantification. Liquid flow rates were measured according to the variation of the mass in the collecting vessel, assuming density of the liquid product equal to water at room temperature. Gas flow rates were measured with a Brooks gas flow meter; as it was calibrated for nitrogen, the actual value was obtained using conversion factors, knowing the gas composition. The gas flowrate out of the reactor was not constant, coming out in larger bursts, occasionally causing scatter in the micro-GC results and gas mass flow measurement. This problem occurs when gas bubbles form upstream of the backpressure regulator in case of high conversion and high gas-yields. These errors were mitigated by averaging over 30 min periods.

The liquid product yields (C1 based) were calculated according to Equation (1), where YC1, i is the C1 based yield of any carbon containing component i, Fi is the molar flow rate (mol min−1) of component i, NCi is the carbon number of component i. The gas product yields (C1 based) were measured according to Equation (2) as the difference between butanol conversion and liquid yields, based on the fact that the carbon mass balance closed within 10%. The gas selectivity was defined as the ratio between the gas product yield and the butanol conversion. Finally, the selectivity toward a specific component i was defined as the ratio between its molar flow and moles of reacted butanol (Equation 4).
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Please note that the maximum selectivity depends on the component, i.e., 4 for C1 compounds, 2 for C2 compounds, 1 for C4 compounds as well as C3 compounds, considering that a butanol molecule can deliver max 1 C3 molecule, and 12 for H2.




RESULTS


Catalyst Characterization
 
XRF, Physisorption and Chemisorption

Table 1 shows the results of N2 physisorption of both fresh and spent 250–420 μm catalyst. Surface area calculated with the seven-point BET method and the NLDFT model are in agreement, showing a small increase during the experiment. The total pore volume is also increased during the experiment and the pore size distribution shifts to slightly larger pores. The catalyst is mesoporous. Surprisingly, application in APR causes a minor but significant increase in surface area and pore volume, despite the fact that ZrO2 is reported to be stable under APR conditions (Elliott et al., 1993). Also, no significant changes in the morphology of ZrO2 were observed during preliminary aging experiments in pure water at 200°C for 12 h (not shown).


Table 1. N2 physisorption results for the 250–420 μm catalyst.
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Table 2 shows the Rh loading in the fresh and spent catalysts, as measured by XRF. The Rh leaching increased significantly with increasing dimension of the catalyst particles. The reduction in Rh content is caused by leaching. Please note that any apparent decrease of Rh loading due to catalyst mass being increased by deposit formation is in all cases much smaller than the observed effects, therefore leaching is the main cause of the decreasing Rh loading.


Table 2. XRF analysis results.
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Table 3 shows the Rh dispersions and metal surface areas in fresh and spent catalysts as measured by H2 chemisorption as well as the average Rh crystallite size calculated from both Rh surface area and STEM images, shown in Figure 2. The fresh catalysts show very good dispersion and small Rh crystallite size. During the reaction, the available Rh surface area is reduced by factor of typically 2, without any significant effect of the zirconia particle. The increase in metal particle sizes according chemisorption are in reasonable agreement with the observed particle sizes observed with STEM, presented below.


Table 3. H2 chemisorption and particle size determined with STEM; the typical experimental relative error in dispersion and surface area is 10%.
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FIGURE 2. Dark field STEM images of the spent 40–60 and 250–420 μm Rh/ZrO2 catalysts.




STEM Analysis of Spent Catalyst

Figure 2 shows dark field STEM images of the spent 40–60 and 250–420 μm catalysts. The Rh crystallites in the fresh catalysts were oxidized, making it impossible to see them with STEM without a reductive pretreatment. Rh in the spent catalysts is found in mostly round and sometimes also oval particles. The particle size distribution is quite narrow, as seen in Figure 3 for the 40–60 μm catalyst. Rh particles were considerably harder to locate in the larger catalyst particles, leading to a somewhat limited data set (30 particles as compared to 173 on the 40–60 μm catalyst). However, the distribution in 250–420 μm catalyst (Supplementary Figure A-1) reveals no significant difference with the distribution shown in Figure 3.


[image: Figure 3]
FIGURE 3. Rh particle size distribution on the 40–60 μm spent catalyst according STEM.




Elemental Analysis

Figure 4 shows the C, H, and O elemental analysis results of spent catalysts; the amount of deposits was calculated by subtracting the amount of C, H, and O detected on fresh catalyst from the amounts detected on spent catalyst. The average rate of deposition (in mg [image: image] h−1) is calculated by dividing the amount of deposits by the TOS in order to take into account small differences in the TOS, as also presented in Figure 4. Formation of deposits clearly increases with increasing particle size, particularly the amounts of carbon and oxygen as well as the total mass of deposit (mg [image: image]) and the average rate of deposition.


[image: Figure 4]
FIGURE 4. Elemental composition and amounts of deposits as well as averaged rate of formation of deposits in spent catalysts; contamination on fresh catalysts was subtracted.





Catalytic Performance
 
Conversion and Products Yields

Figure 5 shows conversion and carbon-based selectivity to gaseous product over time. The conversion over the 40–60 and 60–100 μm catalysts is similar, whereas the conversion over the 250–420 μm catalyst is consistently 30–40% lower. Conversion on all catalysts declined at a similar rate over time. Selectivity to gaseous products remained high on 40–60 and 60–100 μm catalysts, declining slowly over time from ca. 99 to 97% in 150 min. On 250–420 μm catalyst, gas selectivity starts similarly high, declining severely over time. The conversion on bare support was too low to enable reliable quantification (Supplementary Figure A-3A).


[image: Figure 5]
FIGURE 5. Butanol conversion (A) and conversion to gas phase products on C1-basis over time (B).




Product Distribution

Figure 6 shows selectivities to butyraldehyde and butyric acid, the main products in liquid phase, over time. In addition, traces of acetic acid and ethanol were detected. On bare support (Supplementary Figure A-3B), only butyraldehyde is observed in very low amounts, decreasing with TOS. Clearly, butyraldehyde selectivity is much higher compared to the butyric acid selectivity. The liquid product selectivities over 40–60 and 60–100 μm catalysts are very similar, increasing slowly with time on stream. In contrast, the 250–420 μm catalyst produces much more butyraldehyde and butyric acid, both increasing significantly with time on stream. The molar ratio of aldehyde to acid also increases over time, particularly on the 250–420 μm catalyst, from an initial value 4 to about 14 by the end of the experiment.


[image: Figure 6]
FIGURE 6. Selectivity of products in liquid phase; (A) Butyraldehyde and (B) Butyric acid. Note the difference scale between (A) and (B).


Figures 7, 8 show the selectivities to products in the gas phase, i.e., H2, CO2, and CH4 (Figure 7) and C2−3 hydrocarbons (Figure 8). The selectivity to CO was always very low, below 0.05 mol mol−1 (Supplementary Figure A-2). On the bare support formation of H2, CO2, and C3 was detected at such low concentration that quantification was not possible. H2 selectivities (Figure 7A) were similar on all catalysts, showing no effect of the catalyst particle size. CO2 selectivities (Figure 7B) decreased with decreasing size in the order 250–420 > 60–100 > 40–60. The CO2 selectivity decreased over time on the 250–420 μm catalyst, whereas such a trend is less clear on the smaller catalysts. Formation of methane (Figure 7C) increased with decreasing particle size, opposite to CO2. In fact, the 250–420 μm catalyst produced hardly any methane. Also selectivity to C2 compounds (Figures 8A,B) increased with decreasing catalyst particle size, similar to methane. Furthermore, ethane (Figure 8B) was the main C2 product over the 40–60 and 60–100 μm catalysts, while the 250–420 μm catalyst produced more ethylene than ethane (Figure 8A). Propane (Figure 8D) was the main C3 product on all catalysts, despite the relatively large scatter in the data. Furthermore, large catalyst particles (250–420 μm) produce less C3 compounds than the 40–60 and 60–100 μm catalysts, showing similar C3 selectivities.


[image: Figure 7]
FIGURE 7. Selectivities of gaseous products: (A) H2, (B) CO2, and (C) CH4.



[image: Figure 8]
FIGURE 8. Selectivities of C2−3 products. (A) ethylene, (B) ethane, (C) propylene, and (D) propane.






DISCUSSION


Mass Transfer Criteria

The significance of external mass transfer was evaluated using the Mears' criterion (Equation 5; Mears, 1971):
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The detailed calculation is presented in the Supplementary Material. The highest value obtained for the most active and largest catalyst particles was 2.3*10−3, leading to the conclusion that external mass transfer limitations can be disregarded.

The significance of internal mass transfer was estimated using the Weisz-Prater criterion (Equation 6; Weisz and Prater, 1954). Assuming first order reaction, the criterion becomes:
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In which r'A is the observed reaction rate (kmolbutanol [image: image] s−1), R is the catalyst particle radius (m), ρc is the density of the catalyst (kg m−3), CAs is the concentration of butanol on the external catalyst surface (kmol m−3) and De is the effective diffusion coefficient (m2 s−1), calculated according to Equation (7):
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in which DAB is the binary diffusion coefficient of butanol in water (m2 s−1), ϕp is the catalyst pellet porosity and τ is the tortuosity factor. Catalyst density ρc and porosity ϕp were estimated using the bulk density of non-porous ZrO2 and the measured pore volume of the catalyst. As the external mass transfer was considered not limiting, the concentration at the external catalyst surface was assumed to be equal to the bulk concentration, CAs ≈ CAb. Since the exact value of the tortuosity factor was unknown, the value of CWP was calculated as a function of catalyst particle size with values of τ ranging from 1 to 9, shown in Figure 9, using the highest observed reaction rate at time zero. As clearly inferred from the graph, internal diffusion is not limiting for the two smaller particle sizes, but may be limiting for the largest particle size, depending on the value of the tortuosity factor. Therefore, the role of internal diffusion required further experimental evaluation, as will be discussed later. In order to discuss the effect of internal transport on the product distribution, it is necessary to discuss first the main reactions contributing to the overall conversion.


[image: Figure 9]
FIGURE 9. Value of Weisz-Prater criterion as a function of particle size and tortuosity factor.




Catalyst Performance; Comparison to Literature

APR of alcohols and polyalcohols has been widely investigated, in particular with C-to-O ratio of 1:1 (Shabaker et al., 2003a; Kirilin et al., 2010, 2014). Ethanol, propanol or butanol were typically less studied; the presence of the alkyl groups makes complete reforming less facile and formation of alkanes is reported.

Lobo et al. (2012) studied APR of n-propanol over Pt catalysts (5 wt.% propanol solution, 250°C temperature, 69 bar pressure), reporting reaction rates per gram catalyst about one order of magnitude higher. Unfortunately, the Pt loading is not reported. Ethane and carbon dioxide are the main products, with a ratio close to 1, whereas propanal found in the liquid phase.

Godina et al. studied the reforming of alcohols with 3 carbon atoms using Pt-based catalyst on polymer based spherical activated carbons (Godina et al., 2018). Even in this case, exclusively propanal and propionic acid are reported in the liquid phase, whereas ethane was the most formed alkane. On the other hand, methane was not detected, in contrast to our results in the case of the smaller catalyst particles. The presence of propanal and propionic acid from 1-propanol APR was also confirmed by Wawretz and co-workers (Wawrzetz et al., 2010) with an alumina supported Pt catalyst.

Coronado et al. studied the APR of ethanol and propanol with nickel based catalysts on ceria-zirconia supports (Coronado et al., 2018, and literature cited therein), reporting propanal as main liquid product, together with a small amount of propionic acid. On the other hand, methane was found in the gas phase, which was attributed to methanation of CO and CO2.

Pipitone et al. (2019) studied the aqueous phase reforming of butanol with a Pt-based catalyst in a batch system. The produced gas phase contained hydrogen carbon-dioxide and propane in a 2-1-1 molar ratio, in accordance with the previous works on C3 alcohols (Godina et al., 2018). On the other hand, the nature of the active sites seems to have an effect on the product distribution in the gas phase. Indeed, Roy et al. (2011, 2014) studied APR of n-butanol over alumina and ceria supported Ni catalysts (20 wt.% Ni loading, 5 wt.% butanol solution, 185–215°C and 10–31 bar), resulting in reaction rates an order of magnitude lower. The reported product distribution on Ni is similar to the present work, with the exception of somewhat higher selectivity to C2 hydrocarbons, which the authors attributed to Fischer-Tropsch reactions. The main reaction pathway was proposed to proceed through consecutive dehydrogenation and decarbonylation steps, very similar to the findings of Lobo et al. for APR of propanol with Pt catalysts (Lobo et al., 2012). Tishchenko coupling of propionaldehyde followed by hydrolysis and propionic acid decarboxylation was observed as a side reaction pathway on Pt. Moreover, it was suggested that propane was reformed to hydrogen and carbon monoxide, as likely occurred also in the reaction conditions reported during the present investigation. This result may be explained by the higher activity of nickel toward C-C bond breaking compared to platinum (Sinfelt, 1973).



Reaction Scheme for Rh Catalyst

As no reaction scheme has been reported so far for APR of butanol over Rh catalysts, a proposal for such a scheme is described below (Figure 10), based on the observations described above and inspired by literature on APR of butanol on Ni catalysts (Roy et al., 2011, 2014) and of 1-propanol on Pt catalysts (Lobo et al., 2012). Please note this scheme is required for discussing the effect of mass transfer limitations on the product distribution. The scheme is divided in three stages: (I) initial conversion, (II) initial gas formation, and (III) hydrocarbon reactions and reforming.


[image: Figure 10]
FIGURE 10. Schematic reaction network. Products marked with *not observed during the experiments.


Stage I is the initial conversion of butanol to liquid intermediates via reactions 1 and 2. Reaction 1, dehydrogenation of butanol into butyraldehyde, mostly takes place on Rh. Figure 6A shows a significant yield of butyraldehyde over the Rh catalyst, whereas the yield over plain zirconia (Supplementary Figure A-3B) is <0.5 mol% of butanol. This agrees with literature, where dehydrogenation of alcohols is mostly reported on metals (Roy et al., 2011, 2014; Lobo et al., 2012), although it is also reported on zirconia (Sabatier and Mailhe, 1910; Shinohara et al., 1997). Interestingly, the butyraldehyde selectivity (Figure 6A) increases over time and the selectivity to gas products (Figure 5B) declines simultaneously. This is especially clear over the 250–420 μm catalyst, indicating that the reactions forming gasses deactivate more than the dehydrogenation reaction. Furthermore, no C3 oxygenates were observed in the liquid phase. Therefore, reactions involving C-C cleavage in butanol are not significant and reaction via butyraldehyde dominates, in agreement with suggestions in literature for Ni and Pt (Roy et al., 2011, 2014; Lobo et al., 2012). Reaction 2 is the formation of butyric acid, most likely via Tishchenko esterification on Rh, supported by the fact that butyric acid selectivity closely follows the selectivity for butyraldehyde (Figures 6A,B). The intermediate butyl-butyrate was not observed, as would be expected considering that in aqueous medium the equilibrium strongly favors hydrolysis of butyl-butyrate.

Stage II is the formation of COx according reactions 3 and 4, respectively, decarbonylation and decarboxylation. The claim that the C-C bond is cleaved via decarbonylation and/or decarboxylation is supported by the observations that propane and C4 oxygenate products are the dominant products, as well as by the absence of any C3 oxygenates and the virtual absence of C2 oxygenates. Decarbonylation of butyraldehyde (reaction 3) is the main reaction forming gaseous products, as much more butyraldehyde than butyric acid is formed (Figure 6). The reaction mainly takes place on the metal, but can also be observed on the bare support (Supplementary Figure A-3A), in agreement with literature (Bie et al., 2013; Miao et al., 2016). Decarboxylation of butyric acid (reaction 4) requires the presence of an active metal according literature (Bie et al., 2013; Miao et al., 2016).

Stage III consists of the reactions of hydrocarbons (reforming and (de-)hydrogenation) and (R-)WGS (reactions 5–10). The water-gas-shift reaction (WGS, reaction 5) converts virtually all CO to CO2 and H2. The aqueous environment is expected to strongly drive WGS toward the products (Shabaker et al., 2003b), causing extremely low CO yields (Supplementary Figure A-2).

Propane produced in reactions 3 and 4 can be dehydrogenated over Rh (reaction 7) as indicated by the formation of propylene in Figure 8C. The shorter C1−2 hydrocarbons are likely formed via propane hydrogenolysis (reaction 8). Although propane hydrogenolysis has not been reported in aqueous phase, it is known to be readily catalyzed by Rh in this temperature range in gas phase (Bond et al., 1996).

Methanation (reaction 6) has been reported on Rh in APR (Davda et al., 2003); however, methanation is slow at the low temperature of operation (Mutz et al., 2015). We speculate that the dominant pathway to methane is hydrogenolysis of propane based on the observation that the methane selectivity (Figure 7C) is very similar to the C2 selectivity (sum of ethane and ethylene in Figures 8A,B), consistent with formation of methane, ethane and ethylene according reactions 8 and 9. Interestingly, selectivity of both methane and C2 increase when operating with smaller catalyst particles.

Reforming of hydrocarbons (an aggregate reaction 10) probably contributes, possibly via the activation mechanism discussed above, based on three observations. First, on all catalysts the selectivity to CO2 (Figure 7B) is higher than 1 mol/mol butanol, indicating that next to reactions 3 and 4 an additional pathway to CO2 must exist. Second, H2 formation via exclusively the sequence dehydrogenation-decarbonylation-WGS (reactions 1, 3, 5) would result in selectivity to hydrogen of 2 mol per mole butanol converted. Figure 7A shows that the H2 selectivity varies between 3 and 6, providing clear evidence that an additional pathway contributes significantly. Third, the combined selectivity of C2−3 products (Figure 8) is <1 mol per mol butanol converted, clearly indicating that C2−3 products are being consumed in a consecutive reaction, most likely reforming. In addition to experimental observations, Rh is more active for steam reforming at low temperature compared to e.g., Pt or Ni (Kolb et al., 2004; Halabi et al., 2010), supporting the suggestion that reforming of alkanes contributes at the temperatures used in the present work. Further research would be needed to confirm this hypothesis.



Effect of Mass Transfer

Internal mass transfer can affect the local concentration of reactants as well as intermediate reaction products, possibly affecting the consecutive reactions and therefore the final product distribution. The data shows several clear trends as discussed below.

Butanol conversion is limited by diffusion in large catalyst particles. Figure 5A shows that conversion of butanol over the 250–420 μm catalyst is lower than over the smaller catalyst particles, whereas the conversion is similar over both of the smaller particle sizes. This indicates that diffusion limits the reaction on large catalyst particles, in agreement with the estimated values of Weisz-Prater criterion in Figure 9. Possibly, subtle differences in the metal dispersion, metal loading and metal surface area (Table 3) cause the relative high activity of the 60–100 μm fraction. On the other hand, difference in performance between the 40–60 μm fraction and the 250–420 μm fraction are clearly due to mass transfer effects.

Butyraldehyde coupling is enhanced on large particles as the selectivity to butyric-acid is higher on the larger particles (Figure 6B). The Tishchenko coupling reaction (reaction 2) is 2nd order (Anderson and Peters, 1960) and thus rates are strongly influenced by the butyraldehyde concentration. Slow diffusion increases the local concentration of butyraldehyde in the center of the catalyst particles, thus resulting in high butyric-acid yield.

Conversion of hydrocarbons is enhanced on large catalyst particles, including dehydrogenation (reaction 7), hydrogenolysis (reaction 8), and reforming (reactions 6, 10). This is based on three observations. First, the selectivity to methane (Figure 7C) and C2−3 hydrocarbons (Figure 8) is the lowest on large catalyst particles, suggesting more reforming, attributed to sluggish diffusion of dissolved C1, 2, 3 hydrocarbons. Second, the ratio of olefins to alkanes is at the same time higher on the large catalyst particles, indicative for more dehydrogenation. Third, CO2 selectivity (Figure 7B) is the highest over the large catalyst particles. Furthermore, the CO2 selectivity is well above 1 mol per mol butanol converted, especially on large catalyst particles (Figure 7B), also indicating reforming activity as discussed above. The products of reactions 3 and 4 (i.e., CO, CO2, and propane) are all gasses and diffusion out of the catalyst particles is controlled by diffusion of these molecules dissolved in water. However, the H2 selectivity decreases with catalyst particle size (Figure 7A) despite reforming activity of large particles, indicating that longer diffusion length increases consecutive reactions consuming hydrogen more than consecutive reactions producing hydrogen.

This argument is analogous to the mechanism proposed by Neira D'Angelo et al. (2013), accounting for decreasing H2 yield in case of mass transfer limitation because of the lower selectivity, while the conversion is not strongly affected. The difference in the operation of the reactors should be noted. In our case, we do not co-feed any gas, and formation of gas phase can occur only via nucleation of oversaturated solutions. In the case of Neira D'Angelo et al. (2013) as well as most APR studies in continuous operation, inert gas is added to the reactant stream and the reactor operated in trickle-phase mode, resulting in stripping of gaseous components in the reactor. This will enhance internal diffusion by decreasing the concentration at the external surface of the catalyst particles, i.e., in the bulk of the liquid. Therefore, our experiments are more sensitive for effects of internal diffusion of intermediate products.

The particle size affects not only the liquid and gaseous products distribution, but also strongly influences the stability of the catalyst. As reported in Figure 5B, the gas selectivity declined slowly for the 40–60 and 60–100 μm catalysts, while decreasing significantly for the 250–420 μm catalyst. This can be understood considering the high butyraldehyde concentration present inside the large catalyst particles. The aldehyde is a precursor of deposits via aldol-condensation reactions enhanced by the acid-base properties of the zirconia support, causing deactivation of the catalyst (Takanabe et al., 2006; Koichumanova et al., 2018). This hypothesis is also supported by the fact that larger particles form more deposits (Figure 4) and the high oxygen and hydrogen content of the deposits agrees with formation via butyraldehyde condensation, similar to results with the same catalyst system in gas phase reforming (Harju et al., 2016). Furthermore, it is also clear that larger support particles suffer more from Rh leaching than small particles (Table 2) which is in line with the fact that the formation of butyric acid is enhanced, resulting in more acidic conditions inside the larger catalyst particles, enhancing leaching.

Finally, it should be noted that description of internal mass transfer according Thiele modulus and Weisz-Prater criterion can be criticized for the case of APR. These models assume molecular diffusion of dissolved species in pores filled with water. However, APR produces molecules (H2, CO, CO2, CH4, and other light hydrocarbons) that are forming a new phase during the reaction, i.e., gas phase. The critical question is whether bubbles form inside or outside the catalyst particles and at this time this question remains unanswered. Theoretical work of Datsevich (2003a; 2003b; 2004; 2005, Oehmichen et al., 2010) has shown that formation of gas bubbles can influence transfer inside particles dramatically, whereas we have recently demonstrated in a microfluidic device, mimicking pores in a catalyst support, that both retardation as well as enhancement of transport on the pore is possible (Espinosa et al., 2018). Very recently, a simulation using APR of glycerol as model reaction showed the effect of bubbles on the kinetics and transport phenomena in a 2D system (Ripken et al., 2019). This clearly needs further research to decide if such effects experimentally contribute in practical 3D porous catalysts.




CONCLUSIONS

The influence of internal mass transfer in Rh/ZrO2 catalysts for APR of 1-butanol was studied by varying the support particle size. Larger support particles cause a minor but significant decrease in activity, which can be attributed to internal mass transfer limitations. The effect on selectivity and stability is much stronger though.

A reaction scheme is proposed in order to discuss the effects of internal mass transfer on product distribution and stability. The reaction scheme includes three main stages i.e., (1) formation of liquid intermediates via dehydrogenation, (2) formation of gas via decarbonylation/decarboxylation reactions and (3) hydrocarbon hydrogenolysis/reforming/dehydrogenation. The main pathway to hydrogen involves stages 1 and 2, while methane, ethane, and ethylene are formed via hydrogenolysis of propane.

Internal mass transport limitation of butyraldehyde enhances formation of butyric acid. Slow diffusion of methane, ethane, and propane dissolved in water promotes consecutive reactions, i.e., dehydrogenation, hydrogenolysis, and reforming. Furthermore, large support particles deactivate faster, attributed to high concentrations of butyraldehyde inside the catalyst particles, enhancing deposit formation via aldol condensation reactions, as well as to local high acidity caused by butyric acid.
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Recently, liquefaction of biomass in subcritical water to convert it into value-added substances has been broadly attracting attention. However, there is a gap in literature about the levulinic acid, which is a high worth substance, production from biomass using subcritical water. As a green chemistry approach, decomposition of biomass could be obtained using subcritical water effectively. In this case, water uses as a solvent so that it gives a possibility to take place a reaction for the decomposition of biomass. Subcritical water, which liquid water and its temperature is higher than the normal boiling point of water, has higher ion product as well as higher concentrations of H+ and OH− ions. Additionally, it has high diffusivity, low viscosity and much lower dielectric constant. For instance, whereas dielectric constant of subcritical water is 80 at 298 K, it is 2 at 673 K. The point of this research paper is to assess the impacts of different reaction parameters on cellulose conversion as the principle segment of lignocellulosic biomasses for the production of value-added chemicals, particularly levulinic acid. Hazelnut shell waste was chosen as model biomass since hazelnut is a standout amongst the most cultivated agricultural crops in Turkey. Besides, Turkey provide 70% of the world's total hazelnut production. It was found that as reaction temperature increases, a considerable improvement on the amount of formed levulinic acid and conversion of hazelnut shell was observed. For instance, when the reaction temperature, time and acid concentration were 280°C, 120 min and 50 mM, respectively, levulinic acid yield and conversion of hazelnut shell were found as 13.05 and 65.40%, respectively. Addition of H2SO4 enhanced the production of levulinic acid from waste hazelnut shell. Another method which is hybrid process could be used to produce value-added chemicals from lignocellulosic biomass. Hybrid process basically combines hydrolysis and electrolysis in subcritical water. Subcritical water has much lower dielectric constant than liquid water at ambient temperature. So, it was claimed that if constant current was applied to the reaction medium through specially designed electrodes in subcritical water environment, electrolysis could alter the hydrolysis reaction of cellulose in a way of protonation of intra-and inter-molecular hydrogen bonding around anode and as a result electrolysis in subcritical water could decrease necessary thermal energy to hydrolyze the β(1–4) glycosidic linkage. Therefore, we developed a green hybrid process by combining hydrolysis and electrolysis in subcritical water without using any toxic, organic solvents and catalyst. Effects of especially applied current and temperature on the product distribution and conversions of cellulose were revealed and hydrothermal electrolysis reaction pathway of cellulose was proposed. The significance of the interaction indicated that, applied voltage had major impact on cellulose hydrolysis. Maximum cellulose conversion (82%) was achieved at 230°C and 180 min of reaction time in 25 mM of H2SO4. Application of 8.0 V of applied voltage to the reaction medium at reaction temperature of 230°C increased the TOC conversion (50.3%) with acid concentration of 25 mM in comparison with current-free experiments. Thus, the idea of electrochemically generated acid layer due to the dissociation of water around anode is supported. As future perspective, the output of the study gave an idea about converting cellulose and various biomass wastes, which may have high cellulose, content and led the way in obtaining valuable chemicals from no utilized real biomass sources such as hazelnut shell waste. The studies with other biomasses are undergoing.

Keywords: biomass, subcritical water, liquefaction, hydrolysis, electrolysis, levulinic acid


INTRODUCTION

According to BP Energy Outlook 2035 in period from 2013 to 2035 global demand of energy and CO2 emissions will increase by 37 and 25%, respectively. Biomass is a renewable energy source and the interest for biomass increases day by day. Since 50% of total biomass consists of plant-derived or lignocellulosic biomass and its content made-up from cellulose (38–50%), which is one of the most prevalent organic compounds in the World, hemicelluloses (23–32%), and lignin (15–25%) (Toor et al., 2011).

In this study, microcrystalline cellulose was used as model compound due to its crystalline structure that makes it insoluble and resistant to attack by catalyst. Cellulose has hydrogen bonds which are intra- and intermolecular, so that it has low solubility and high rigid structure (Figure 1, arrows). The challenge regarding the solvability of cellulose arises due to the intermolecular hydrogen bonds, which make intermolecular bonds inaccessible to solvent compound. Due to this structure, cellulose does not swell in water as well as it has a resistance against enzymes. However, reported studies showed that hot compressed water can rapidly solubilize cellulose and hydrolyze to its building block as glucose (Sasaki et al., 2004; Knezevic et al., 2009).


[image: Figure 1]
FIGURE 1. Structure of microcrystalline cellulose with ending and repeating group.


Liquefaction of cellulose in subcritical water conditions is one of the most attractive techniques for the production of high value chemicals since water has several advantages against other organic solvents. For instance, water is cheaper than other solvents and it is non-toxic, non-flammable as well as non-explosive. While water becomes a good solvent when its pressure and temperature approach its critical point, it is called as hot-pressurized water. It has a unique characteristic and its thermodynamic properties such as density, dielectric constant, viscosity, ion product, and solvating power could be tuned so that it becomes more effective on decomposition of cellulose (Savage, 1999; Yüksel, 2016).

Cellulose, a model compound, was used for the hydrothermal production of different high-value products. For instance, Saito et al. (2009) investigated the decomposition of cellulose in hot-pressurized water at 200–240°C and 15–20 MPa for 50–120 s. After 120 s, 2-furfural, 5-HMF, glycolic acid, lactic acid, and formic acid formed in high yields. Williams and Onwudili (2006) was studied about the decomposition of model compounds, which are cellulose, glucose, starch, and cassava waste, using sub- and supercritical water. These model compounds decompose to gaseous products carbon dioxide, carbon monoxide, hydrogen, and methane as well as oil and char also formed. Product distribution and gas yield was varied depending on model compound and reaction temperature. For instance, if cellulose is used as a model compound, then high yield of carbon monoxide and char is observed. Additionally, C1 and C4 hydrocarbons were formed (Yüksel, 2016). Ehara and Saka (2005) investigated the treatment of cellulose in three different systems which are sub- and supercritical water and their combined system. In each system, different yields of organics were obtained, however, precipitation was not observed in combined system. Water conditions has more effect over the reaction rate as well as decomposition mechanism of cellulose.

Levulinic acid, furfural and acetic acid are an example for bio-based chemicals and they can form by the decomposition of different types of biomass. It can be said that levulinic acid is a versatile chemical and it is in the list of Top Value-Added Chemicals from Biomass. Pharmaceutical and flavoring agents, resins, herbicides, plasticisers, anti-freeze agents, and biofuel additives can be derived from levulinic acid (Yüksel, 2016). Based on the present knowledge, firstly, hexose sugars dehydrate and the intermediate product 5-hydroxymethylfurfural (5-HMF) forms. After that, 5-HMF hydrates by the addition of water to C2–C3 bond the furan ring so that final products (levulinic and formic acids) form at the same stoichiometric ratio (Horvat et al., 1985; Asghari and Yoshida, 2010).

As model lignocellulosic biomass, waste hazelnut shell was selected since hazelnut is a considerable amount of agricultural crop in Turkey. Hazelnut produces 650,000 tons/year over the World and Turkey supplies 75% of it. During hazelnut processing, waste hazelnut shells form in large quantities and they are mainly used for heating (Guney, 2013). Hence, waste hazelnut shells could utilize to produce value-added chemicals so that they could not only be a natural alternative resource but also contribute in value gaining (Gozaydin and Yuksel, 2017).

In literature, there are several researches about the natural biomass decomposition in subcritical water. Chan et al. (2014) studied over the comparison of the decomposition of empty fruit bunch, palm mesocarp fiber and palm kernel shell by sub- and supercritical hydrothermal liquefaction. The results show that while phenolic compounds formed from palm mesocarp fiber and palm kernel shell at higher amounts, ester were only produced when palm kernel shell was used. Kruse and Gawlik (2003) investigated to description of possible reaction pathways of degradation of phytomass (mainly consist of cooked carrots and potatoes). According to the results, the degradation of HMF can be observed by two different pathways which are the formation of 1,2,4-benzenetriol and levulinic acid (via acid catalyst). Chenk et al. (2009) studied over the hydrothermal degradation of switchgrass. In this study, the highest conversion, desired product yield (5-HMF and furfural) and 90% of rapid switchgrass conversion were observed when the reaction temperature, pressure and residence time are 250–350°C, 20 MPa and 1–300 s, respectively. Asghari and Yoshida (2010) investigated the effect of dilute phosphate buffer (at pH 2) over the degradation of Japanese red pinewood in subcritical water. It was concluded that the Japanese red pine wood converted into higher amount of sugars within shorter time compared to uncatalyzed conditions. By the help of further treatment, the yield of HMF and furfural were almost doubled. The study of Tymchyshyn and Xu (2010) show that the sawdust and cornstalks was degraded into phenolic compounds at 250–350°C and 2 MPa H2 in the presence of Ba(OH)2 and RbCO3 catalysts. Bio-oil yield enhanced by the addition of catalysts.

Electrochemical methods such as electrochemical degradation of lignin (Zhang et al., 2014), and electrolysis of corn stover to sugars (Xu et al., 2014) have also been reported. According to the literature, most of the electrochemical reactions were performed in ambient conditions. As novel approach, we developed a hybrid process, which basically combines hydrolysis and electrolysis in subcritical water to produce of high value chemicals from different types of biomass. Subcritical water has much lower dielectric constant than liquid water at ambient temperature. So, it was claimed that if constant current was applied to the reaction medium through specially designed electrodes in subcritical water environment, electrolysis could alter the hydrolysis reaction of cellulose in a way of protonation of intra-and inter-molecular hydrogen bonding around anode and as a result electrolysis in subcritical water could decrease necessary thermal energy to hydrolyze the β(1–4)glycosidic linkage. Therefore, we developed a green hybrid process by combining hydrolysis and electrolysis in subcritical water without using any toxic, organic solvents and catalyst. This hybrid process is applied on cellulose for the first time and synergetic effects of especially applied current and temperature on the product distribution and conversions of cellulose and total organic carbon (TOC) in the liquid product solution were revealed (Akin and Yuksel, 2016, 2017).

This green hybrid process named as hydrothermal electrolysis was conducted in a specially designed batch reactor (450 mL) in which cylindrical type titanium electrode was used as anode and reactor wall was behaved as cathode. In this research activity, effects of different parameters which are direct current, temperature, time and proton donor (sulfuric acid) concentration on the conversion of cellulose were investigated. The conversion of TOC and yields of products (5-HMF, levulinic acid, and furfural) were determined.

After obtaining the optimum conditions, it was proposed when constant voltage is applied, the degradation mechanism of cellulose and hydrolysis product distribution can selectively change. Constant voltage ranges from 4.0 to 8.0 V was applied between anode and cathode. 25 mM of H2SO4 was used as an electrolyte and also be a proton source. Hydrothermal electrolysis products of cellulose were investigated. After series of experiments, levulinic acid, 5-HMF and furfural was determined as the main decomposition products of cellulose by hydrothermal electrolysis. Detailed ionic and radical mechanisms of cellulose under constant voltage were revealed.



MATERIALS AND METHODS


Chemicals

All chemicals used in experiments were at analytical grade and all solutions were prepared using de-ionized water. Microcrystalline cellulose (MCC) was purchased from Sigma Aldrich. The standards of reagents used in HPLC analysis are fructose (≥99%), levulinic acid (98%), lactic acid (98%), glycerolaldehyde (99%), glycolaldehyde (99%), 5-HMF (99%), glycolic acid (99%), and pyruvic acid (98%) and they were purchased from Merck. Sulfuric acid (96–98%) was also obtained from Merck. Phosphoric acid (85–90%) were purchased from Fluka. Biomass feedstock, hazelnut shell, was supplied from Ordu, Turkey. Hazelnut shells were dried in an oven at 60°C and then, they ground into small pieces (~1 mm) using a laboratory type grinder.



Product Analysis

Elemental analysis of hazelnut shell was performed via CHNS-932, Leco, USA branded elemental analyzer. Moisture and ash contents of hazelnut shell (biomass) were determined by Thermal Gravimetric Analysis (TGA-51, Shimadzu, Japan). Hazelnut shell contains cellulose, hemicellulose and lignin and their amount were determined by Van Soest Method (Gozaydin and Yuksel, 2017).

The concentration of liquid products was determined via High Performance Liquid Chromatography (HPLC) and Gas Chromatography with Mass Spectroscopy (GC–MS, Agilent 6890 N/5973 N Network) were used to identify the liquid products which were unidentified in HPLC analyses. In HPLC analysis, sugar column (Shodex, SH1100) was used to separate products clearly and the temperature of column was 40°C. 3.75 mM H2SO4 was used as eluent and its flow rate was 0.5 ml/min. Refractive index (RID) was used for detection of aldehydes and organic acids. TOC conversions in the liquid products were determined by TOC analyzer (Shimadzu TOC-VCPH).



Experimental Procedure

Experiments related to liquefaction of cellulose and hazelnut shell waste were performed in a Parr Instrument Company, USA branded 316 stainless steel autoclave (300 mL). The reactor equipped with gas inlet and outlet valves, liquid sampling valve, pressure gage, safety rupture disc, magnetic-driven impeller, internal thermocouple, and cooling loop (Gozaydin and Yuksel, 2017). Firstly, 4 g of biomass feedstock (cellulose, hazelnut shell waste) was placed into the reactor and then, 100 ml of de-ionized water was added to adjust the volume. After all the pins of reactor had been tightened, in order to remove the air inside the autoclave, the reactor was purged with nitrogen. Then, the reaction temperature was set to the desired reaction temperature with stirring rate of 200–250 rpm throughout the experiment. Temperature and pressures were recorded at every 5 min until the temperature reached the desired reaction temperature. The temperature and internal pressure rose until reaching desired reaction temperature and then, the reaction was started for a certain reaction time. At the end of reaction time, the heater was turned off and the system was cooled to 40°C to collect the final products (Gozaydin and Yuksel, 2017).

Hydrothermal electrolysis experiments were performed in a 450 mL of SUS 316 stainless steel batch reactor (Parr 5500 series) with specially designed anode (titanium electrode) and it is illustrated in Figure 2.


[image: Figure 2]
FIGURE 2. (A) Auxiliary view of hydrothermal electrolysis reactor: (1) electrical heater, (2) dc power controller, (3) liquid sampling tubing, (4) heat exchanger, (5) gas sample collector, (6) anode, (7) rotor, (8) thermocouple, (9) pressure gauge, (10) sample holder; (B) section view of hydrothermal electrolysis reactor.


Hydrothermal electrolysis experiments were carried out at a constant current (0–2 A) passing through the electrodes. Specially designed cylindrical type titanium electrode (D: 12 mm, L: 94 mm) was used as anode and cylindrical reactor wall (Do: 76 mm, L: 165 mm) was acted as cathode. The experiments were carried out to understand the reaction pathway by using H2SO4 solution (25 mM) at 200°C and applying constant voltage (0, 4.0, and 8.0 V) for 180 min. Liquid samples were collected in every 30 min. after the desired reaction temperature was reached. Collected liquid samples were filtered and analyzed immediately without any further treatment (Akin and Yuksel, 2016).




RESULTS AND DISCUSSION


Liquefaction of Cellulose and Waste Hazelnut Shell

During this section, in order to investigate the effect of different parameters which are reaction temperature, initial pressure, reaction time, external oxidant concentration, the experiments were performed at 150, 200, 250, and 280°C and 0, 5, 10, and 15 bars for 30, 60, 90, and 120 min using 0, 5, 25, 50, 75, 100, and 125 mM H2O2 as an external oxidant. After degradation of microcrystalline cellulose with H2SO4 in hot-compressed water, liquid product consists of pyruvic acid, glycolaldehyde, glyceraldehyde, formic acid, glycolic acid, lactic acid, acetic acid, levulinic acid, 5-HMF, glycerol, and furfural was formed. Besides, in liquid product, some oligomers such as cellobiose, cellotriose, etc. and monomers such as glucose, fructose were also formed and they were identified HPLC analysis. HPLC analysis conditions were mentioned previously and HPLC chromatograms of the standard solutions are given in Figure 3.


[image: Figure 3]
FIGURE 3. HPLC chromatograms of standard compounds at column temperature of 40°C: (1) pyruvic acid, (2) glucose, (3) fructose, (4) DL-glyceraldehyde, (5) glycolic acid, (6) glycolaldehyde, (7) lactic acid, (8) glycerol, (9) formic acid, (10) acetic acid, (11) levulinic acid, (12) 5-HMF, (13) furfural.


According to the result of TOC analysis, the initial carbon amount of cellulose was determined as 42–45%. The yield of product % was determined using this data and the carbon number of products and the relation is given in Equation 1. Carbon balance was found to be more than 90% in all experiments. The conversion of cellulose and product selectivity were calculated using Equations (2) and (3), respectively.
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Cellulose has glycosic bonds so that is show high chemical resistance. In order to break these bonds, subcritical water can be used. Hence, usage of subcritical water provides a favorable environment and reaction medium for degradation of cellulose to desired product (levulinic acid) (Cardenas-Toro et al., 2014). After breakdown of glycosic bonds, de-polymerization of cellulose is occurred and hence, oligosaccharides and monosaccharides (glucose) can formed. After that, hydrolysis and rearrangement/decomposition of glucose and other monomer sugars is occurred and thus, fructose, 5-HMF, furfural, pyruvaldehyde, glyceraldehyde, and glycolaldehyde are formed. Furthermore, hemicellulose is hydrolyzed into oligomers (low and high molecular weight), xylose, furfural, glycolaldehyde, and glyceraldehydes. At higher reaction temperatures, re-polymerization, isomerization and fragmentation of them take place in liquid, gaseous and solid products (Cardenas-Toro et al., 2014). Additionally, organic acids (levulinic acid (desired product), acetic acid, formic acid, etc.) are also formed. Cellulose conversion (%) and product yields (%) were calculated for different reaction temperatures and the results are given in Figure 4.


[image: Figure 4]
FIGURE 4. Conversion of cellulose and distribution of the liquid products after 60 min with 50 mM H2SO4 at different reaction temperatures (pressure range: 5–64 bar).


As seen in Figure 4, the degradation of cellulose was observed as 70% after 60 min at 280°C. The conversion of cellulose is very low when temperature and pressure 150°C and 5 bar, respectively. At this condition, initial amount of cellulose was 4 g and the remaining amount was 3.61 g. It could be concluded that this reaction temperature (150°C) and pressure (5 bar) was not enough to breakdown of glicosidic bonds of cellulose. However, when temperature was 200°C, whereas yield of desired product (levulinic acid) and degradation of cellulose was suddenly enhanced, the amount of 5-HMF in liquid product decreased to 1.7% (Yüksel, 2016). Thus, it could be concluded that cellulose could be degraded under hydrothermal conditions through two steps so liquid products were formed. Glucose isomerized to fructose at higher reaction temperatures and then, fructose converted to the main intermediate which is 5-HMF (Rosatella et al., 2011). After that, this intermediate leads to form various final compounds. One of the final products is levulinic acid and by-product of it is formic acid which is formed at higher reaction temperatures (Zeng et al., 2010; Rosatella et al., 2011; Cardenas-Toro et al., 2014). This obtained data from literature is matching with our findings. As shown in Figure 4, under the conditions with low concentrations of levulinic acid and formic acid were obtained, 5-HMF yield was low that shows the dehydration of 5-HMF. According to Kruse and Gawlik (2003), one of the minor organic acids formed from the decomposition of cellulose in subcritical water was acetic acid. In Kruse's study, the concentration of acetic acid was not significantly affected by temperature which is consistent with the results shown in Figure 4.

The reaction pathway of cellulose can be separated to three main parts: the first part is about to the hydrolysis of cellulose to oligosaccharides; the second part is related with the hydrolysis of saccharides to glucose (Figure 5) and; the last part comprises the glucose isomerization and dehydration to 5-HMF and levulinic acid. In the first part, oligosaccharides and small saccharides such as cellobiose are formed as the products of cellulose hydrolysis (Cantero et al., 2013).


[image: Figure 5]
FIGURE 5. (A) Cellulose hydrolysis to cellobiose and glucose; (B) glucose isomerization to fructose, dehydration and rehydration to 5-HMF and levulinic acid.


The effect of temperature on levulinic acid (desired product) yield at different reaction times was investigated and the results are given in Table 1. When reaction was carried out at 200°C, whereas levulinic acid was not detected in the liquid product solution during the first 30 min, levulinic acid yield reached to 24.9% at the end of 60 min. Levulinic acid yield raised to 25.2% in the first 30 min when the reaction is carried out at higher reaction temperatures (250°C). However, yield of levulinic acid has decreased to 14.3% for longer reaction times up to 120 min. The opposite case was observed for lower reaction temperature such as 150°C. The yield of levulinic acid increased from 1.5 to 6.1% when the reaction was prolonged, however, it was still lower than the levulinic acid yield at 200°C (Yüksel, 2016). According to Girisuta (2007), the highest levulinic acid yield was obtained at higher reaction temperature in a shorter time. At the same study, it was reported that under the conditions at which high levulinic acid yield was obtained, 5-HMF yield was low in the liquid product solution.


Table 1. Levulinic acid yield with 50 mM H2SO4 from 30 to 120 min at various reaction temperatures of 150, 200, 250, and 280°C.

[image: Table 1]

To comprehend the effect of H2SO4 concentration (5, 25, 75, 100, and 125 mM) on the product distribution was also investigated. In that case, yield of levulinic acid enhanced with respect to the increasing H2SO4 concentration. While the lower yield of levulinic acid was observed as 4.8% using 5 mM H2SO4), the highest yield was observed as 38% with the addition of 125 mM H2SO4. Similar trend was observed in the yield of formic acid. The yield of formic acid was observed as 2.6 and 21% using 5 and 125 mM H2SO4, respectively (Yüksel, 2016). However, the yields of glucose, fructose, and 5-HMF were started to decrease with respect to the increasing acid concentration in the feed and the reaction mechanism of cellulose degradation in hot-compressed water could be lead to decrease in yield of these products. In similar studies in literature, it was found that firstly, cellulose degraded to simple sugars (glucose and fructose). Then, main intermediate (5-HMF) was formed by the conversion of them. Finally, levulinic acid, and formic acid were formed by the decomposition of 5-HMF (Zeng et al., 2010; Rosatella et al., 2011; Cardenas-Toro et al., 2014).

After investigating cellulose behavior in sub-critical water, we used hazelnut shell waste as real lignocellulosic biomass source. Cellulose, hemicellulose and lignin contents of hazelnut shell (Table 2) were found by using Van Soest Method (Goering and Van Soest, 1970; Madenoglu et al., 2014).


Table 2. Structural carbohydrate analysis of hazelnut shell.
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During the degradation of cellulose in subcritical water, firstly, the dominant mechanism is de-polymerization of cellulose and hence, oligosaccharides, and monosaccharides were formed. After that, hydrolysis and rearrangement/decomposition of glucose and other monomer sugars occur so that various products such as 5-HMF, glyceraldehyde, fructose, furfural, pyruvaldehyde, and glycolaldehyde could form. Besides, hydrolysis of hemicellulose take place to form low and high molecular weight oligomers, xylose, glycolaldehyde, furfural, and glyceraldehydes and the re-polymerization, isomerization and fragmentation of them happen in solid, liquid and gaseous products when the reaction temperature is high (Pavlovic et al., 2013; Cardenas-Toro et al., 2014). Various compounds were formed in liquid product, however, the production of levulinic acid, acetic acid, 5-HMF and furfural had great attention.

Maximum hazelnut shell conversion was found as 65.4% at the following conditions: 280°C, 120 min, 50 mM H2SO4. When the reaction temperature increased from 150 to 280°C, hazelnut shell conversion increased considerably. Besides, TOC conversion was also determined solid residues and the results are given in Table 3. TOC conversion was found as 49.71% at 280°C and 60 min (Gozaydin and Yuksel, 2017).


Table 3. The effect of reaction temperature on TOC conversion at different reaction temperature with addition of 50 mM H2SO4 concentration.
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In literature (Girisuta, 2007; Toor et al., 2011) various types of acids were described to decompose different biomasses in subcritical water. In our study, as an oxidizing agent sulfuric acid was used. As it seen in Table 4, the formation of levulinic acid was not observed for shorter reaction times when the sulfuric acid was not used. However, the degradation of hazelnut shell to form levulinic acid enhanced by the addition of H2SO4 for the same reaction conditions. In the light of the studies of Efremov et al. (1997) and Fang and Hanna (2002), it could be deduced that levulinic acid yield enhanced with respect to the increasing amount of sulfuric acid. The product yields in our study show the same behavior in line with the literature. Moreover, while the addition of sulfuric acid causes an increase in levulinic acid yield (up to 11.91%) at 150°C, it did not affect at 280°C.


Table 4. The yield of levulinic acid, furfural, and acetic acid in presence and absence of sulfuric acid (50 mM) at different reaction time (150 and 280°C).
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Main reaction mechanisms of the liquefaction of waste hazelnut shell were purposed based on those results, and they were illustrated in Figure 6. Under subcritical water media, the rate of cellulose hydrolization to oligomers and isomerization of glucose into fructose were rapid at low temperature. The rate of rehydration of 5-HMF into levulinic acid increased when H2SO4 (100–125 mM) was used excessively and long reaction time (≥60 min). Two main reaction pathways were possible for hemicellulose. When hydrothermal reaction was performed at low H2SO4 concentration (0–5 mM) at 200°C, acetic acid formation was favored by the cleavage of acetyl (Zhu et al., 2014).


[image: Figure 6]
FIGURE 6. Main proposed reaction pathways for hydrothermal conversion of waste hazelnut shell.




Hydrothermal Electrolysis of Cellulose

Hydrothermal electrolysis experiments were carried out in a 450 mL of SUS 316 stainless steel batch reactor (Parr 5500 series), which is illustrated in Figure 2. All experiments were carried out using deionized water (200 ml) and cellulose (8 gr). Sulphuric acid was used as an external proton source and it was added to the reaction medium at different concentrations (1–50 mM). Reaction time started when the reaction medium had reached the desired reaction temperature and the first sample (2 mL) was taken for reaction times of 0 and then, other samples were taken at the reaction times of 15, 30, 60, 90, and 120 min. So that, the effect of heating period was investigated.

Experiments of hydrothermal electrolysis were performed at a constant current which are 0 and 2 A passing through the electrodes. In this set-up, anode was specially designed cylindrical type titanium electrode (D: 12 mm, L: 94 mm), cylindrical reactor wall (Do: 76 mm, L: 165 mm) was used instead of cathode. To purpose the reaction pathway of degradation of cellulose when current was applied, the reaction conditions were as follows: 25 mM H2SO4 solution at 200°C with application of constant voltages (0, 4.0, and 8.0 V) for 180 min.

Sub- and supercritical water have a great attention as a reaction medium because of its versatile properties. For example, this reaction medium has 10−11 of ionic product concentration (200–300°C range) and dielectric constant is ≈10 (near critical) (Marshall and Franck, 1981). Water can self-dissociated into hydroxide and hydronium ion and these ions have a critical role for the protonation of β(1–4)glycosidic bond of cellulose so that cellulose could be decomposed. If hydronium ion must access to intra- and inter-molecular hydrogen bonds then, microcrystalline cellulose could be depolymerized. Hence, diffusion of protons with versatile properties such as high diffusivity and low density of near critical water becomes more effective. When ionic product concentration is high, low energy is needed for the migration of electroactive species in electrochemical methods. Thus, electrochemical reactions at near critical conditions become more economically feasible (Asghari and Yoshida, 2008).

The hypothesis of this is that application of direct current into reaction medium under hydrothermal condition would create activated species in terms of ionic and radical molecules due the redox reactions of water and sulfuric acid. Formation of these molecules can alter the decomposition of cellulose as in the postulated reaction mechanism (Figure 7). Application of direct current under hydrothermal condition is resulted in the reactions at positive anode (Equations 4, 5) and at negative cathode (Equations 6, 7) Equation (5) yield the formation of H+ ion which can generate an acid layer around anode that can yield the protonation of β(1–4)glycosidic bond of cellulose.
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[image: Figure 7]
FIGURE 7. Electrochemical reaction of water and sulfuric acid that yields (A) radical, (B) ionic products.


A hybrid method comprised of electrochemical oxidation and the production of value added organic species in sub-critical water has gained attraction (Yuksel et al., 2011). Our previous study is related with the decomposition of microcrystalline cellulose in sub-critical water conditions where the reaction temperature varied between 170 and 230°C in the presence of sulfuric acid (1–50 mM) by applying direct constant current (0–2 A). Fractional factorial experimental design was performed to determine the coupled and interaction parameters of constant current with sulfuric acid under hydrothermal conditions. According to the results, when 50 mM H2SO4 was used and 1 A current was applied to the reaction medium, the required reaction temperature for the maximum cellulose conversion of 82% decreased from 230 to 200°C (Akin and Yuksel, 2016). The application of direct current provides the formation of radicals ([image: image]) and ionic products (OH-,H3O+), so that TOC conversion enhanced. As current values increased, concentration of radicals in the reaction medium increased. However, TOC conversion decreased when higher current (2 A) was applied. Additionally, the application of direct current (1–2 A) affected the formation yields of 5-HMF and levulinic acid. While the yield of 5-HMF enhanced by direct current, levulinic acid concentration decreased. During the reaction, variable electrode potential was observed because of the application of constant current to reaction medium. Hence, the change in electrode potentials leads to formation of various activated species within the reaction medium. Davis et al. (2014) carried out a study over electrolysis of sulfuric acid solution to form persulfate based on radical mechanism. This study show that the formation of different radical species such as [image: image] and ionic products such as [image: image] can be observed during electrolysis of sulfuric acid solution at different electrode potentials (Davis et al., 2014). Formation of these products can alter the decomposition mechanism of cellulose to form levulinic acid, furfural and 5-HMF selectively.

Effect of applied voltage (4.0 and 8.0 V) on product selectivity and TOC conversion in hydrothermal reaction medium was investigated in the presence and absence of acid catalyst (H2SO4). Selectivity values of cellulose on formation of furfural, 5-HMF and levulinic acid were determined as described in material and methods section. The control reaction was carried out by applying voltage under hydrothermal conditions (200°C) in the absence of acid catalyst. Results are listed on Table 5.


Table 5. TOC Yield, conversion of cellulose, and valuable product selectivities at applied voltage values of 0, 4.0, 8.0 V at different electrolyte (H2SO4) concentrations as 0 and 25 mM.
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When cellulose was degraded under hydrothermal conditions (no current, no electrolyte), TOC was recorded as 13.8% (Table 5). Whereas, lower TOC conversions were observed by applying constant voltage (4.0 V) compared to current free experiments, higher TOC values were observed at constant voltage (8.0 V). Rossmeisl et al. (2005) showed that higher potentials could cause to dissociate the water into its ionic products and the formation of radical species such as hydroxyl radical (OH•−) could enhance under hydrothermal conditions by applying voltage. Hence, in the light of literature, it is possible to say that higher TOC conversions could be achieved by higher voltage. If concentration of radical species increases, decomposition products could form via radical based mechanism. The coupled effect sulphuric acid (25 mM) and applied voltage can be explained by the oxidation of sulphuric acid to form the sulfate radical (SO•4−) near anode (Davis et al., 2014). This synergetic effect causes an increase in the TOC yield to 50.3% (Table 5) under hydrothermal conditions (Akin and Yuksel, 2016).

The conversion of fructose to furfural under hydrothermal conditions could be proposed by two reaction pathways (Aida et al., 2007). First one is the removal of formaldehyde from 5-HMF and the second one is the cleavage of C–C bond in fructose so that pentose formation is observed and then dehydration of pentose leads to formation of furfural (Luijkx et al., 1993). The selectivity values of furfural and 5-HMF increased simultaneously. Hence, it could be concluded that furfural might be formed by the cleavage of C–C bond in fructose due to the low yield of fructose (8.0 V) in comparison to hydrothermal reaction (0 V). Rehydration of 5-HMF resulted in formation of levulinic acid (Akin and Yuksel, 2017).

As seen on Table 5, in the first 60 min, selectivity of 5-HMF was 42.8% and further reaction time selectivity of levulinic acid was 23.7%. FTIR results (Figure 8) showed that S=O Sulfoxide (solid line in Figure 8) and S-OR Ester (dashed line in Figure 8) groups were formed at solid residuals when voltage (4.0 and 8.0 V) was applied. The activity of sulfonated carbon particles might be hindered due to the high concentrations of sulfone ion radicals which is a reactive species formed at relatively high concentration of sulphuric acid by applying potential (Akin and Yuksel, 2017).


[image: Figure 8]
FIGURE 8. FTIR spectrum of solid residues of applied potential of 0, 4.0, and 8.0 V in 25 mM sulfuric acid medium.


From Table 6, it was clearly seen that, when 2 A current was applied for 120 min., there was a dramatic increase in H2 concentration from 0.5 to 75.3 μg/ml. Under same conditions, CO2 concentration decreased from 530.5 to 398.7 μg/ml. Under the effect of applied current with the addition of 50 mM H2SO4, H2 concentration increased from 75.3 to 98.2 μg/ml, whereas CO concentration was recorded as 26.2 to 48.7 μg/ml, respectively. This result indicated that water gas shift reaction was favored the carbon monoxide formation with the addition of sulfuric acid as an electrolyte. Methane formation was also observed as gas products and an increase in acid concentration from 0 to 50 mM yields to 0.26 and 0.53 μg/ml, respectively.


Table 6. Gaseous products (H2, CO, CH4, CO2) of cellulose of degradation under hydrothermal and applied constant current conditions at 230°C and 120 min.
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The application of constant voltage lead to form radicals and ionic products so that levulinic acid, furfural and 5-HMF can be formed from cellulose selectively. Although it is hard to distinguish the radical and ionic-based mechanism due to common product distribution, under certain potential in the designed hybrid reactor system favors the degradation of cellulose via radical mechanism (Akin and Yuksel, 2019). Proposed ionic and radical reaction pathways for hydrothermal electrolysis of cellulose at constant voltage are given in Figure 9.


[image: Figure 9]
FIGURE 9. Proposed (A) radical and (B) ionic reaction pathways for hydrothermal electrolysis of cellulose at constant voltage (8.0 V) with 25 mM H2SO4.


As the electrode potential (8.0 V) was applied, various activated radical species such as SO−4 •, HSO• 4, OH• and ionic species such as [image: image], [image: image]O+, OH− could commonly be created when electrolysis was carried out in the presence of H2SO4 in sub-critical water. Formation of these products can shift degradation mechanism of cellulose to high value chemicals such as levulinic acid, furfural and 5-HMF (Figure 9). Additionally, formation of glucosyl-glycoaldehyde, glucosyl-eryhtrose, and glycoaldehyde was also observed when hydrothermal electrolysis was carried out at 8.0 V so that decomposition mechanism of cellulose via ionic and radical based pathways was revealed (Figure 9).




CONCLUSION

Hydrolysis of cellulose in sub-critical water conditions has been widely searched because of the versatile properties (low dielectric constant, high diffusivity, high ion product concentration etc.) of hot compressed water as reaction medium. Thus, high ionic product concentration and its high diffusivity to intra and inter molecular hydrogen bonds enhanced the protonation of β(1–4) glycosidic linkage of cellulose that yield degradation products which are glucose, fructose, 5-HMF, furfural, and levulinic acid.

As model biomass, hazelnut shell waste was converted to value-added chemicals under hot compressed water. In the context of experimental study, the effect of reaction temperature, reaction time and acid (H2SO4) concentration was investigated. The main products of hydrothermal acid-treatment were clarified as levulinic acid, furfural and acetic acid by HPLC analysis. As reaction temperature increases, a considerable improvement on the amount of formed levulinic acid and conversion of hazelnut shell was observed. For instance, when the reaction temperature, time and acid concentration were 280°C, 120 min and 50 Mm, respectively, levulinic acid yield and conversion of hazelnut shell were found as 13.05 and 65.40%, respectively. Addition of H2SO4 enhanced the production of levulinic acid from waste hazelnut shell.

As alternative novel method to frequently used ones, a novel hybrid system for the conversion of cellulose to high value chemicals was introduced. The application of direct current in constant mode was investigated and was found that applied 1 A of current resulted in higher total organic carbon (TOC) in comparison to current free experiments. The enhancement in TOC was conducted for the formation of an acid layer around anode due to the self-dissociation of water that hydrolyses cellulose. It was proposed that application of constant voltage could selectively change the degradation mechanism of cellulose and hydrolysis product distribution. The detailed product distribution of decomposition of microcrystalline cellulose under subcritical water condition by application of direct current was investigated and reaction pathway for hydrothermal electrolysis of cellulose was proposed.
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Lignocellulosic biomass as a potential alternative to fossil resource for the production of valuable chemicals and fuels has attracted substantial attention, while reducing the recalcitrance of lignocellulosic biomass is still challenging due to the complex and cross-linking structure of biomass. Solvent system plays important roles in the pretreatment of lignocellulose, enabling the transformation of solid biomass to liquid fluid with better mass and heat transfer, as well as in the selective formation of target products. In particular, H2O/tetrahydrofuran (H2O/THF) system has recently been widely applied in lignocellulose valorization, which has been proved to exhibit outstanding efficiency for the conversion of lignocellulose, solubilization of the intermediates and products, and shifting reaction equilibrium, thereby significantly improving the yield and selectivity of target products, as well as the full utilization of lignocellulose. In addition, THF shows low toxicity, and is known as a renewable solvent which can be produced from bio-derived chemicals. Herein, this review concentrates on the advances of H2O/THF system in lignocellulose valorization in recent years. Several aspects relative to the roles of H2O/THF system are discussed as follows: the pretreatment of lignin, conversion of hemicellulose and cellulose components in lignocelluloses, and the promoting formation of valuable chemicals like furfural, 5-hydroxymethyl furfural (HMF), levulinic acid, and so on, as well as the inhibiting role in humins formation. This review might provide useful information for the design of effective solvent system in full utilization of lignocellulosic biomass.
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INTRODUCTION

The over-exploitation of fossil resources and the resultant environmental concerns have impelled the development of renewable alternative feedstock to replace the depleting fossil resources. In recent years, increasing interests have been focused on the valorization of renewable lignocellulosic biomass instead of the conventional fossil resources for the production of value-added chemicals and biofuels (Lim et al., 2012; Lin et al., 2013). Every year, about 220 billion tons of dry biomass (ca. 45 EJ of energy content) can be obtained, and lignocellulosic biomass occupies about 70–95% of it. Cellulose, as the major component (40–50%) and elementary fibrils of lignocellulosic biomass, is a homopolysaccharide, comprised of D-glucose units via β-1,4-glucosidic bonds (Figure 1). It has high degree of crystallinity, polymerization (from 100 to 20,000) with high molecular weight, caused by the abundant hydrogen bonds between different anhydroglucan chains. Hemicellulose, surrounding the cellulose fibrils, bonds with cellulose and forms the gel matrix. Hemicelluloses (occupied 25–35% of the lignocellulose) are amorphous polysaccharides, and are made up of mainly two pentoses (xylose and arabinose) and three hexoses (galactose, glucose, and mannose). Compared to cellulose, hemicellulose has lower degree of polymerization (80–200). Different from carbohydrate-based cellulose and hemicellulose, lignin (occupied 15–20% of the lignocellulose) with high molecular weights in a range of 600–15,000 kDa, is comprised of three phenyl-propanols linking with each other via C-O linkages (e.g., β-O-4,α-O-4, and so on) and C-C linkages (e.g., β-β′, β-5, and 5–5′ linkages, etc.) (Zhou et al., 2011; Tuck et al., 2012). Via effective utilization of the natural structure of raw lignocellulose, various platform chemicals and fine chemicals can be produced. Typically, xylose, furfural, and acetic acid can be produced from hemicellulose in lignocellulose. Glucose, fructose, sorbitol, ethylene glycol, 5-hydroxymethyl furfural (HMF), levulinic acid (LA) as well as lactic acid, can be obtained from the conversion of cellulose component in lignocellulose (Kunkes et al., 2008). Among these platform chemicals, furfural, HMF, and levulinic acid have been recently defined as the top candidates of future bio-based chemicals (Zakzeski et al., 2010; Cai et al., 2014a). From the degradation of lignin in lignocellulosic biomass, many aromatic compounds, such as guaiacol, 4-ethylphenol, 4-vinylphenol, 2,6-dimethoxylphenol, and so on, can be obtained (Collard and Blin, 2014; Graglia et al., 2015). Most of these aromatic compounds can be used as the feedstock for the synthesis of polymers and materials with novel interesting properties. However, the complex composition and cross-linked structure of these three main components make the degradation of lignocellulose challenging.


[image: Figure 1]
FIGURE 1. The structure of lignocellulosic biomass.


Liquefaction in the presence of solvent has been considered as an efficient approach for the production of valuable chemicals or biofuels from lignocellulose, since solvents significantly improve the mass and heat transfer of solid lignocellulosic biomass (Li et al., 2018). Compared to pyrolysis, solvent liquefaction requires relatively moderate reaction temperature. Importantly, it also greatly improves the reaction rates, selectivity and the stability of desired products, as well as the economics of downstream separation. Moreover, solvent liquefaction (usually in H2O solvent) endures the presence of water in lignocellulose feedstock, thus eliminating the process of drying raw feedstock. Several studies have suggested that the mixture of polar aprotic solvent with water in lignocellulose conversion can promote the solubility of substrate fractions and influence the chemical reaction thermodynamics, thus leading to high reaction rates and improving the selectivity toward target products, where either homogeneous catalysts (acids, alkaline) or heterogeneous catalysts are usually employed (Liu et al., 2015; McCallum et al., 2018; Chen et al., 2019; Maneechakr and Karnjanakom, 2019). The type and properties of solvent not only determines the distribution of products and their yields, but also affects the subsequent separation of target products (Pace et al., 2012; Shuai et al., 2016). Shuai and Luterbacher (2016) divided the solvent effects into two categories: effects on the solubility of biomass components and their derivatives, and effects on chemical thermodynamics, which could be represented by considering the typical kinetic expression of a first-order reaction rate: r = k × C. Here, r represents the reaction rate and k represents the rate constant. C is the reactant concentration. Due to the low concentrations (C) of insoluble biomass in solvent, the reaction rates of biomass conversion are often restricted. Therefore, enhancing the biomass solubility can effectively improve the reaction rate of biomass conversion. Besides, increasing the rate constant (k) can also promote biomass conversion, which can be achieved by using a solvent that affects the thermodynamics of the molecules and complexes that participate in the chemical reaction.

Recently, H2O/tetrahydrofuran (H2O/THF) mixture has been proved to act as a promising solvent system with multi-functions for the fractionation of lignocellulose and solubilizing the resulted derivatives to obtain valuable chemicals with high yield and selectivity. In addition, THF can be synthesized from biomass-based derivatives, such as furfural, maleic anhydride, or 1,4-butanediol, thus is a promising renewable and green solvent. Table 1 summarizes the advantages and disadvantages of THF system compared to other solvents for the conversion of biomass. Herein, this review tends to concentrate on the advances and roles of H2O/THF mixture in lignocellulose valorization in recent years.


Table 1. The comparison of THF with other solvents.
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THE PROPERTIES OF H2O/THF CO-SOLVENT

THF has been employed as a solvent and intermediate in industry for decades. THF has low boiling point (66°C) with a high vapor pressure (21.6 kPa at 25°C), which enables it easy recovery. In general, it is known that THF is highly polar and miscible with water, forming an azeotrope with water (Howard, 1990; Kroschwitz et al., 2004). Liu et al. (2019) performed ab initio molecular dynamics simulations, and proved that hydrogen bond was formed between the H atom of H2O and O atom of THF with a 1.694 Å of bond length. However, Matouš et al. (1972) demonstrated that H2O/THF co-solvent had great positive deviations from Raoult's law to such degree. H2O/THF co-solvent passed through a temperature regime where THF and H2O became immiscible, in which a transition from a transparent mixture to opaque medium could be observed. That is to say, H2O/THF co-solvent exhibits an unusual closed-loop miscibility gap, in which H2O and THF are mixed when the temperature is both below a certain temperature point and above a second value, while they spontaneously demix between this temperature gap. The region of limited miscibility is close and bounded by the mass fraction ωTHF ϵ (0.28, 0.72) and by temperature t ϵ (71.8, 137.1)°C (Fowles et al., 2013).

It is also considered that the presence of THF in H2O/THF co-solvent has potential harm to both human and animal health. To investigate the toxicity of THF, Fowles et al. (2013) presented a detailed review to discuss the toxicological, exposures, risks and environmental hazards of THF. It is indicated that THF is neither a sensitizer nor irritant for skin. THF is non-mutagenic according to the studies both in vitro and in vivo. In addition, the low logKow value (<3) implies that THF has low bioaccumulation. THF is not persistent in environment as it can be biodegraded. Therefore, it is considered that THF shows low acute toxicity, and it is not necessary to pose a concern on its hazards to both human and environment, as it is utilized and managed in current use (Cheng et al., 2007; Chen et al., 2013).



LIGNIN SOLUBILIZATION AND DEPOLYMERIZATION IN H2O/THF SYSTEM

The extensive covalent cross-linking of lignin with hemicellulose (or cellulose) in lignocelluloses limits the accessibility to carbohydrates and prevents the extraction of polysaccharides. Therefore, lignin removal is usually necessary in many industries, such as paper industry and bio-ethanol production, in which lignin is firstly fractionated and conversion from lignocellulose as a “lignin-first” approach. However, the efficient solubilization of lignin is still challenging. It is reported that the solubility of lignin in solvent is related to the Hildebrand solubility parameter (δ), which is defined as follows (Schuerch, 1952; Ni and Hu, 1995; Meng et al., 2018; Wang et al., 2018).

[image: image]

Here V represents the molar volume of solvent. E represents the vaporization energy at free pressure, which is constituted by three parameters corresponding to hydrogen bonding forces, non-polar/dispersion forces, and dipole forces, showing as follows:
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Here, δD represents the dispersion interaction and δP is polar interaction, while δH represents the hydrogen bonding interaction. It is considered that solvent, whose δ-values is approximate to 22.5 MPa1/2, shows good solubility for lignin. The δ value of water is 23.4 (cal/cm3)1/2, and the δ value of THF is 9.5 (cal/cm3)1/2. H2O/THF co-solvent is commonly considered as a good solvent for lignin (Mlynar and Sarkanen, 1996; Hansen, 2007). For example, Xin et al. (2012) used HSP to study the characteristics of several solute–solvent pairs, including three organic solvents (1,4-dioxane, ethyl acetate, and THF) and 1-ethyl-3-methylimidazolium acetate, and proved that THF was the best solvent for lignin among the three investigated solvent systems, followed by dioxane and ethyl acetate. In the process of lignin dissolution in H2O/THF co-solvent, it is considered that H2O molecules with smaller molecular size than organic solvent can act as an efficient plasticizer, which favors organic solvent diffusion into the compact lignin complexes, thereby leading to the solubilization of lignin in water-organic solvent mixture (Wang et al., 2018; Meng et al., 2019).

Recently, a “lignin-first” strategy, called as Co-solvent Enhanced Lignocellulosic Fractionation (CELF), has been widely applied in the fractionation of lignin from raw lignocellulose with high efficiency, in which H2O/THF co-solvent is employed as the solvent system with the help of dilute acid (Nguyen et al., 2015; Smith et al., 2016a,b,c). In H2O/THF mixture, about 85–90% of lignin in raw lignocellulosic biomass can be fractionated and solubilized. After boiling off the THF solvent, a lignin product without ash and sugar can be obtained by precipitation, which can act as a potential feedstock and be upgraded to high value-added chemicals and fuels in the further bio-refinery (Zhuo et al., 2018). The pretreatment in H2O/THF system drastically reduces the molecular weight of lignin, and the cross-condensation reactions can be also efficiently minimized. For example, Meng et al. (2018) investigated the CELF lignin structure isolated under different conditions, and revealed that the molecular weight of lignin obtained sharply reduced by up to ~90% when compared to the native lignin. Moreover, the extensive cleavage of β-O-4 linkages in lignin after pretreatment was also found, in addition to an obvious decrease of aliphatic OH groups resulting from the oxidation of side chains in lignin. However, the amount of phenolic OH groups greatly increased caused by the breakage of inter-unit linkages in lignin (Cai et al., 2013, 2014a,b; Nguyen et al., 2015).

Zhang et al. (2018) compared the performances of several solvents, including THF, 2-methyltetrahydrofuran (MeTHF), γ-valerolactone (GVL), ethyl acetate (EAC), and γ-butyrolactone (GBL), on the solubilization of lignin in corncob residue, and indicated that miscible co-solvents (e.g., H2O-THF, H2O-GVL, and H2O-GBL) generally showed better ability for lignin fractionation than both single solvents and immiscible co-solvents like H2O–MeTHF and H2O–EAC under mild temperature. It was revealed that H2O and organic solvent showed significant synergetic effect which favored the cleavage of linkages between lignin and amorphous cellulose in corncob residue. Organic solvent with different structure and property also influenced the solubilization of lignin with various structure units. For instance, MeTHF, EAC, and GVL preferentially dissolved S- and G-type lignin, while THF solvent showed high selectivity to fractionate and solubilize lignin with G and H units. In H2O–THF, H2O–MeTHF, H2O–EAC, and H2O–GBL co-solvents, β-γ bond was easier to be broken than β-O-4 bond, thereby giving 4-ethylguaiacol and 4-ethylphenol at higher temperature which occupied ~70% of the total determined monophenols. In contrast, in H2O–GVL co-solvent, α-1 bond was firstly broken, yielding guaiacol as the main product which occupied ~75% of the total determined monophenols. Jiang et al. (2014) investigated the conversion of lignin in corncob residue in H2O/THF co-solvent, and revealed that H2O and THF solvents showed a synergistic effect on facilitating the dissolution of lignin, in which the ratio of H2O to THF played an important role. It was found that the conversion of lignin in corncob residue initially increased with an increasing ratio of H2O/THF, and got a maximum (89.8%) at the ratio of 3:7 (v/v), then decreased (Figure 2). H2O, as a nucleophile agent, was necessary to break the linkages between lignin and cellulose components, such as hydrogen bonds, ether and ester bonds, ascribing to its high hydrogen bond acceptor ability. Due to the lower hydrogen bond acceptor ability of THF than that of H2O, THF mainly presented a core effect on dissolving the fragment of dissolved lignin. The fractionated and solubilized lignin existed as oligomers with little monophenolic compound formation. When the solubilized lignin was further converted at higher temperature (300°C) in single THF solvent, the yield of monophenols was significantly enhanced. In particular, the yield of 2,6-dimethoxylphenol, 4-ethylguaiacol and 4-ethylphenol sharply increased to 6.6, 4.0, 10.5 wt%, respectively. The yield of determined monophenols was raised to 24.3 wt% in the absence of extra hydrogen source addition. It was considered that the special properties of THF as a supercritical fluid under the reaction conditions contributed to the great increase of monophenol yield at 300°C. Thus, they proposed that THF solvent significantly favored the depolymerization of resulted lignin oligomers yielding monophenols under severe reaction conditions. Meng also investigated the solubilization of CELF lignin in several solvents. Results showed that 50 mL H2O/THF co-solvent (40% THF) could solubilize about 2 g of lignin. 30% THF/H2O co-solvent gave the maximum fraction yield (~51%), however, there was no obvious relationship between the THF content and the fraction yield (Meng et al., 2019). Both molecular weights of the individual fractions obtained sharply decreased with the decrease of THF concentration from 35 to 20%.
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FIGURE 2. Effect of the ratio of H2O/THF on the conversion of corncob residue (■ raw material, ⋆ cellulose converted/cellulose contained, ▴ lignin converted/lignin contained; reaction conditions: corncob residue: 4.0 g, reaction temperature: 220°C, reaction time: 2.0 h). Reproduced from Jiang et al. (2014) with permission from Royal Society of Chemistry.


The introduction of catalyst, especially alkaline, into H2O/THF system could selectively improve the solubility and depolymerization of fractionated lignin (Nakasaka et al., 2017). For instance, it was pointed out that, with the introduction of MgO, much higher phenolic monomer yield (13.2%) was obtained in THF solvent than that without catalyst, attributing to the excellent fractionation and dissolution of lignin and the promoting effect on the catalytic activity of MgO in THF (Table 2; Long et al., 2014). Furthermore, it was considered that O atom of THF could coordinate with Lewis acids, thereby increasing the basicity of catalyst. When Na2CO3 was introduced into H2O/THF co-solvent, it was found that almost all hydrogen bonds, ester and ether bonds between the cellulose and lignin components in corncob residue were broken at 140°C, leading to 94.6% removal of lignin (Jiang et al., 2016). In addition, the Cα-Cβ in aliphatic side-chain of lignin as well as β-O-4 linkage could be cleaved, yielding aryl aldehydes. In this work, H2O was considered to contribute to the breakage of weak inter-linkages between lignin and cellulose components in corncob residue, and THF primarily solubilized the resulted fragments under mild temperature. Higher temperature (300°C) enabled the further cleavage of CAr-Cα bond, selectively giving monophenols with limited substituted alkyl groups. In the absence of extra hydrogen sources, 26.9 wt% yield of monophenol was achieved.


Table 2. The effect of reaction medium on lignin conversion.
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Given the outstanding lignin solubility in H2O/THF co-solvent, many efforts have been devoted to reveal the solubilization mechanism of lignin in H2O/THF co-solvent. Smith et al. (2016a,b) used temperature replica-exchange molecular dynamics to simulate lignin structure in H2O/THF co-solvent, and revealed that single water media was a bad solvent for lignin, in which polymer–polymer interactions were favored. In this case, the lignin polymer collapsed to “globular” conformation, in which monomers were tightly packed. On the contrary, H2O/THF co-solvent acted as a “theta” solvent, wherein lignin adopted a random coil state, unlike the collapsed globular conformation in single water medium. Because the interactions between polymer and solvent was preferential to the interactions between polymer and polymer, the self-aggregate of lignin with coil conformation could not happen, thereby resulting in the easy removal of lignin. Since H2O/THF co-solvent system passed through a temperature gap in which H2O and THF became immiscible, they also investigated the conformation of lignin in H2O/THF co-solvent at this temperature regime. At the ratio of H2O to THF commonly adopted in the process of lignin pretreatment, H2O and THF became immiscible near 348 K and turned to miscible again above 410 K, which was just lower than the temperature (445–475 K) of lignin pretreatment in CELF approach (Smith et al., 2016b). It was worthy of noting that lignin was still a flexible random coil in H2O/THF co-solvent for T ≥ 303 K (Smith et al., 2018). At lower temperature (T = 283 K), it was found that lignin did swell in H2O/THF co-solvent when compared to that in single water, although it did not exist in a random-coil conformation. This indicated that the presence of THF promoted the transform of lignin conformations from crumpled-globules to random-coil states, thereby benefiting to lignin removal. Because this effect was invariant to the temperature, it was proposed that H2O/THF system was effective to fractionate and solubilize lignin from lignocellulose biomass even at low temperatures (Smith et al., 2016a,b). Three models for the transform from globule lignin to coil lignin were proposed, those are, one-state model, two-state model and three-state model. The free energy ΔG for the transition was obtained from the fitted kinetic constants, in which the slope and intercept of ΔG-temperature function were taken as the ΔS and ΔH values, respectively. The results showed that the best fit among these three models was the two-state model. Due to the negative ΔG, the globule-to-coil transition was spontaneous at room temperature, which was also both enthalphically and entropically favorable (Smith et al., 2016a,b).



HEMICELLULOSE FRACTIONATION AND SOLUBILIZATION AND FURTHER CONVERSION TO FURFURAL IN H2O/THF SYSTEM

Hemicellulose with low degree of polymerization can be fractionated and further converted to furfural. The solubilization of hemicellulose/xylan and the further conversion of the resulted derivatives have also been conducted in H2O/THF co-solvent. Smith et al. (2018) demonstrated that both H2O/THF co-solvent and single water solvent acted as “good” solvents for hemicellulose/xylan conversion. In H2O/THF co-solvent, the temperature-phase behavior determined the constitution of xylan solvation shell. When H2O and THF were immiscible in the temperature range of 333–418 K, THF was left from the solvation shell of fractionated hemicellulose/xylan. In contrast, both H2O and THF were present in the solvation shell of fractionated hemicellulose/xylan when the temperature was below and above this temperature regime. This implied that the fractionated hemicellulose/xylan solubilization in single water medium was just similar to that in H2O/THF co-solvent in a temperature range of 333–418 K, but was greatly different outside this temperature range.

In addition to H2O/THF single phasic system, it is known that the addition of NaCl to H2O/THF co-solvent leads to the formation of biphasic NaCl-H2O/THF system. NaCl-H2O/THF biphasic system has been proved to show excellent efficiency for furfural formation from hemicellulose/xylan, where the further degradation of furfural produced in aqueous phase to the unwanted by-products like polymer and humins could be significantly inhibited, due to the immediate transfer of furfural from aqueous phase to organic phase. For instance, Xu et al. (2018b) examined the effect of organic solvents [methyl isobutyl ketone (MIBK), toluene, THF, MeTHF, and so on] on the production of furfural from xylose by the catalysis of CrPO4. It was indicated that the addition of organic solvents could obviously promoted xylose conversion when compared to single water medium (Table 3). The highest furfural yield was achieved in NaCl-H2O/THF system, attributing to the highest partition coefficient of THF for furfural among the selected solvent systems, which also efficiently eliminated furfural degradation in the aqueous phase. In addition, it was indicated that the H2O/THF ratio substantially influenced the furfural yield, and H2O/THF system with a 10/30 (mL/mL) ratio of H2O to THF gave much higher furfural yield (88%) than that with 10/20 (mL/mL) and 10/40 (mL/mL) of H2O/THF ratio. Yang et al. (2012b) also reported the benefits of NaCl-H2O/THF biphasic system, in which a 75 mol% of furfural yield from xylose conversion was obtained with AlCl3 · 6H2O as catalyst under microwave heating.


Table 3. Effects of reaction systems on the production of furfural from xylose/xylan.
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Besides NaCl, other reagents have also been introduced into H2O/THF co-solvent, affording a biphasic H2O/THF system. For example, Özbek et al. (2018) studied the production of furfural in an H2O/THF system with the addition of high-pressure CO2. It was found that, in the presence of THF, CO2 generated biphasic H2O/THF system, because gaseous CO2 had low solubility in THF, and was also insoluble in water medium. Consequently, the formed furfural could be continuously transferred from aqueous phase to CO2/THF phase. Under the optimal pretreatment conditions, the highest furfural yield was up to 53.3 mol% when a model solution (including xylose and acetic acid) was used as starting material. In the case of real hemicellulose hydrolysate as feedstock, the yield of furfural was 39.6 mol% with 40.0 mol% of selectivity. Morais et al. (2016) proposed a two-stage strategy for the production of furfural from raw biomass. The first step involved the production of a water-soluble fraction (including xylose and xylo-oligosaccharide) via extracting hemicellulose component in wheat straw in H2O system with high-pressure CO2. In the second step, the resulted liquid fraction was further converted to furfural in H2O/THF/MIBK-high-pressure CO2 system, where MIBK was considered as the extracting solvent. However, it was found that the conversion of xylose decreased by 5 mol% in the presence of THF than that in a single water solvent. This was possibly due to the lower dielectric constant of H2O/THF (ε = 40) than that of pure water (ε = 78.5 at 25°C) which decreased the acidity of reactions system (Critchfield et al., 1953; Muinasmaa et al., 1997). In final, furfural with 56.6 mol% of yield and 62.3 mol% of selectivity was obtained in this H2O/THF/MIBK-high-pressure CO2 system (50 bar).



CELLULOSE FRACTIONATION AND SOLUBILIZATION IN H2O/THF SYSTEM

The presence of substantial hydrogen bonding in cellulose leads to a rigid structure with high crystallinity, which is strongly resistant to fractionation and dissolution and depolymerization in water. Several studies have demonstrated that polar aprotic solvents can simultaneously accelerate cellulose fractionation and dissolution and suppress the further dehydration reaction of monosaccharides, yielding target products with high yield and selectivity (Varhegyi et al., 1994; Ghosh et al., 2018). Typically, Ghosh et al. (2016) investigated the conversion of cellulose in a series of polar aprotic solvents, such as GVL, IMBK, acetonitrile, THF, 1,4-dioxane, ethyl acetate, and acetone. The results demonstrated that all the selected solvent fractionated and solubilized cellulose and gave desired products with high yield within a short time, possibly attributing to the decreased activation energy of cellulose depolymerization in polar aprotic solvents. The maximum yield of solubilized products from cellulose was 72–98% at 350°C. Combing the efficiency of solvents with their properties, it was revealed that the polar solubility parameter of a solvent might be the key factor contributing to its different fractionation and solubilization efficiency for cellulose (Archer, 1991; Su et al., 2009). Levoglucosan was the primary solubilized carbohydrate product, whose yield increased with increasing polar solubility parameter of solvents. The same group then investigated the efficiency of these polar aprotic solvents for the depolymerization of cellulose with the help of acid catalyst, producing water-soluble carbohydrates (Ghosh et al., 2018). The results indicated that acid catalyst significantly weakened the differences of yields in different solvents. In THF solvent, the levoglucosan selectivity at maximum yields reached 80%. Moreover, it was found that low rate of levoglucosan degradation was observed in those polar aprotic solvents with low polarity, thus enhancing the stability and promoting the yield of anhydrosugar.

Among the investigated polar aprotic solvent mixture with H2O, H2O/THF co-solvent system has been widely applied in the fractionation and solubilization/decrystallization of cellulose in lignocellulosic biomass (Zhang et al., 2014; Odabas et al., 2016). For instance, Jiang et al. (2016) pointed out that the introduction of THF into H2O could greatly enhance cellulose conversion from 17.2 to 45.9% with the assistance of heteropolyacid catalysts (ChH2PW12O40), which benefited the formation of HMF whose yield increased from 5.3 to 29.7%. Jiang et al. (2018) deeply investigated the performance of THF in NaCl-H2O/THF biphasic system via experimental approaches, and found that the conversion of microcrystalline cellulose (M-cellulose) could reach up to 96.6%, and the cellulose component in actual lignocelluloses could also be completely solubilized (Figure 3). In H2O/THF co-solvent system, it was revealed that THF could promote the cleavage of a half of intermolecular hydrogen bonds (O6-H···O3), while the role of H2O in breaking intra-molecular hydrogen bonds (O2-H···O6) was significantly impeded. In NaCl-H2O/THF biphasic system, THF could significantly improve the performances of both H2O and NaCl on the cleavage of O2-H···O6 and O3-H···O5 intra-molecular hydrogen bonds, respectively (Figure 4). Moreover, it was indicated that cellulose-derived products could be immediately transferred from aqueous phase to organic phase, ascribing to the formation of hydrogen bonds between O atom of THF and aldehyde group in HMF or H atom in C4-OH of glucose. This promoted the combination of more NaCl to –OH in M-cellulose, thus further disrupting the hydrogen bonding in M-cellulose and favoring the formation of products with small molecular weight (in particular HMF), which promoted the dissolution of cellulose in turn.
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FIGURE 3. Conversion of cellulose in raw lignocellulose in different reaction systems. Reaction conditions: 4.0 g raw material and (a) 100 mL H2O; (b) 50 mL H2O and 50 mL THF; (c) 20 g NaCl and 100 mL H2O; (d) 20 g NaCl, 50 mL H2O and 50 mL THF; at 200°C for 2 h. Reproduced from Jiang et al. (2018) with permission from Wiley.
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FIGURE 4. Effect of THF on the dissolution and depolymerization of M-cellulose in NaCl-H2O-THF system. Reaction conditions: M-cellulose (2.0 g) and NaCl (10 g) in solvent (100 mL, H2O–organic solvent: 1:1 v/v) at 200°C for 2 h. Reproduced from Jiang et al. (2018) with permission from Wiley.


To elucidate the solubilization mechanism of cellulose in H2O/THF system, Mostofian et al. (2016) employed all-atom molecular dynamic simulation to investigate cellulose structure in H2O/THF mixture, as well as the interactions between cellulose and solvents. The results showed that H2O/THF co-solvent afforded different characteristics of both H2O and THF, resulting in the fractionation and solubilization of single cellulose chains and cellulose fibers via distinct ways. With the addition of THF to a water-only media, the reduction of cellulose hydration, especially for its hydrophobic faces, was observed, demonstrating that THF perturbed the interactions between H2O molecules and cellulose. In H2O/THF co-solvent system, H2O and THF spontaneously phase-separated on the surface of cellulose fiber, in which H2O accumulated at the hydrophilic cellulose faces due to the presence of hydrogen bonds between H2O molecules and cellulose on the hydrophilic faces of cellulose, while THF stacked on the hydrophobic faces of cellulose. In contrast, the cellulose chain with full solvation was preferentially bound by H2O molecules, indicating the easy hydrolysis of cellulose with the addition of THF. They also employed molecular dynamic simulations to compare the behavior of other H2O-organosolv co-solvent systems (acetone, ethanol, and GVL) with H2O/THF system (Smith et al., 2017). It was found that there were only weak differences in the selected solvent systems between the total amounts of hydrogen bonds in cellulose chain/strand-solvent and that of H2O molecules in the cellulose solvation shell. However, the selected H2O-organosolv co-solvents showed significantly distinct behavior of phase separation at the interface of co-solvent-cellulose, and the physical process of cellulose deconstruction was also different for these co-solvents. Particularly, in H2O/THF co-solvent, the fraction of surface water was much slower than that in H2O/GVL co-solvent, which might be important for promoting the chemical destroying of cellulose structure, since it could increase the reaction of THF-H2O-cellulose, even when H2O amount around cellulose was significantly decreased.



PROMOTING CHEMICAL PRODUCTION FROM LIGNOCELLULOSE IN H2O/THF SYSTEM

THF owns outstanding ability for the extraction of biomass-based chemicals, such as levulinic acid, HMF, and furfural, from water mixtures, thus significantly increasing the yield of target products and minimizing the generation of unwanted by-products like polymers and humins. The investigations of the catalytic conversion of lignocellulose to platform chemicals have shown that chemicals with high yield and selectivity could be achieved in H2O/THF system. For instance, Cai et al. (2013) reported THF could efficiently “protect” the formed furfural in aqueous phase from further degradation and minimizing furfural loss. In particular, NaCl-H2O/THF biphasic system significantly enhances the partitioning of target chemicals into organic phase, which has been successfully adopted to increase the yield of products derived from lignocellulosic feedstock (Xie et al., 2019). Saha and Abu-Omar (2014) reviewed the benefits of biphasic solvent system (including H2O/THF biphasic system) for the production of valuable chemicals (mainly HMF) from lignocellulose. In NaCl-H2O/THF biphasic solvent system, H2O is commonly recognized as the reactive phase for polysaccharide hydrolysis. The effects of THF can be classified into physical and chemical effects, wherein chemical effects involved the change of activation energy barriers in the key reaction step induced by the variant dynamics or environment in different solvent systems. The physical effect of THF related to the preferential solvation of the special functional groups in lignocellulosic derivatives, thus inhibiting their further conversion to form undesired by-products, in addition to immediate extracting the produced products from aqueous phase into organic phase once it was formed. Moreover, the extraction of chemicals in THF phase can improve the purity of obtained chemicals and make them be easily separated, thus enabling the treatment of lignocellulose economically and environmentally competitive. In this section, the roles of H2O/THF system in promoting the formation of several typical chemicals, including levoglucosan, HMF, levulinic acid, as well as the co-production of furfural and HMF, is attentively reviewed.


Levoglucosan and Fermentable Sugar

Levoglucosenone (LGO), an anhydro-sugar with a double bond combined with a ketone and aldehyde, in addition to two hydroxyl groups (Tang et al., 2017b; Krishna et al., 2018), has shown a huge potential to serve as a bio-based platform chemical (Nguyen et al., 2015; He et al., 2017a; Li et al., 2018). Cao et al. (2015) found that the highest yields of LGO could be obtained in both THF and GVL aqueous co-solvents. However, LGO seemed to be more stable in THF because THF inhibited the further conversion of LGO to HMF. On the contrary, GVL favored the isomerization of LGO to HMF, leading to its degradation. In addition, it was demonstrated that the water content controlled the product distribution derived from cellulose, in which the increase of water content to 5 wt% led to HMF production, and no LGO was produced when using single water as solvent. They also compared the yield of LGO in H2O/THF with other H2O-organic co-solvents (such as diglyme, tetraglyme, cyclopentyl methyl ether, 1,4-dioxane, and dimethyl sulfoxide), and found that H2O/THF(1–2.5 wt% H2O) afforded the highest yields of HMF and LGO (~65 carbon%), with sulfuric acid as catalyst (He et al., 2017b). Weingarten et al. (2014) deeply investigated the influence of H2O/THF ratio on cellulose degradation with dilute sulfuric acid as catalyst, and indicated that higher carbon yield of LGO was obtained in both single THF solvent and H2O/THF co-solvent with a ratio of 40:1 (H2O/THF) compared to the other reaction mixtures. As for the TOF value of cellulose conversion, it was more than 20 times in THF higher than that in single water solvent. As for HMF generation in THF solvent, the TOF value was 40 times higher than that in single water medium. The promoting performance of THF under this reaction condition was attributed to the fact that proton catalyst was more stable in THF solvent than in water medium (by 5.7 kcal mol−1), thus resulting in the high reactivity of proton catalyst. Krishna et al. (2017) also showed that THF played a role in LGO stabilization and inhibited its isomerization reaction, thus resulting in the decrease of the yields of HMF and levulinic acid. The yield of xylose, arabinose, and glucose was up to 95% using corn stover as feedstock in H2O/THF aqueous dilute acid system.



HMF Production

As for HMF production from lignocellulosic biomass, Weingarten et al. (2014) investigated the influence of a series of single organic solvents using H2SO4 as catalyst under mild conditions, and demonstrated that the polar aprotic solvents including THF, GVL, and acetone, gave a much higher HMF yield from cellulose when compared with water, ethyl acetate, and ethanol solvents. THF solvent afforded the highest HMF yield among the selected solvents. Compared to single THF solvent, the introduction of DMSO to THF solvent further improved the yield of HMF (98.0%). Wang et al. (2013) pointed out that the introduction of a small amount of water (<2.5 vol%) into THF was also beneficial for HMF production. The highest HMF yield from cellulose was 44%. In H2O/THF (1:4 v/v) co-solvent, the yields of fructose and HMF from glucose conversion were 61 and 30%, respectively, by the catalysis of a base (–NH2) functionalized mesoporous silica (aminopropyl-FMS) catalyst and a mesoporous silica with –SO3H (propylsulfonic acid-FMS) (Huang et al., 2014). Tucker et al. (2013) showed that the use of H2O/THF co-solvent resulted in the significant increase of HMF selectivity (>70%) with a 80% of fructose conversion.

Although HMF yield can be promoted in H2O/THF monophasic system, wherein the addition of a certain amount of H2O can favor the dissolution of polysaccharides in addition to promoting the degradation of LGO to produce HMF, HMF degradation to levulinic and formic acids would take place with further increasing H2O amount. To ensure the complete dissolution of feedstock in water but avoiding the degradation of HMF produced, NaCl–H2O/THF biphasic system appears to be a promising solution, which has been proved to efficiently inhibit the rehydration of HMF to levulinic acid in water by immediate extraction of HMF to organic phase (Table 4; Chen et al., 2016; Zhao et al., 2018a,b). Glucose is a typical feedstock for the production of HMF, with the help of various catalysts. For example, Nikolla et al. (2011) described the conversion of glucose to HMF using Sn-Beta with acid as catalysts in a H2O/THF biphasic system, and obtained the highest HMF selectivity (72%). Manganese phosphate (MnPO4) also exhibited good efficiency for HMF production from biomass-derived carbohydrates, and the yield of HMF was 59% using glucose as feedstock in H2O/THF biphasic reaction system (Xu et al., 2018a). Yang et al. (2012a) obtained a 61% yield of HMF from glucose by the catalysis of AlCl3 · 6H2O in NaCl-H2O/THF system at 160°C under microwave heating. They demonstrated that THF inhibited HMF rehydration to generate levulinic acid, and also decreased the yield of lactic acid. Moreover, THF also showed high partitioning coefficient for HMF, and HMF recovery reached up to 94% when using HMF as starting material. The same group next investigated the reaction kinetics of glucose conversion to HMF in water, H2O/THF, and NaCl–H2O/THF reaction solvents by the catalysis of AlCl3 (Tang et al., 2017a). Different product distributions were obtained in the three solvent systems, in which NaCl–H2O/THF biphasic system gave the highest yield and selectivity to HMF. The kinetics of possible reaction pathways in these three solvent systems was investigated. The results demonstrated that the rate constants in the kinetic model were very sensitive to the ratios of solvent compositions. In the H2O–THF co-solvent, the rates for fructose isomerization to glucose and formic acid formation from glucose and fructose were accelerated. On the contrary, the isomerization of glucose to fructose, fructose dehydration to HMF, and humins formation from fructose was decelerated. These results suggested that THF contributed to the inhibition of the rehydration and polymerization reactions of HMF, decreasing the formation of unwanted byproducts, as well as the dehydration of fructose to HMF and the polymerization of fructose to humins, but improved formic acid formation directly from glucose/fructose degradation without levulinic acid production. The yield of formic acid was therefore higher than that of levulinic acid in these selected solvents. Both in H2O/THF and NaCl–H2O/THF systems, the ratios of formic acid to levulinic acid were higher with lower levulinic acid yield, compared to that in water. Liang et al. (2019) indicated that HMF yield from glucose conversion in NaCl-H2O/THF biphasic system was higher than that in any single phase solvents by the catalysis of bifunctional porous polymer (PCP) [PCP(Cr)-NH2−x(CH3)x; x = 0, 1, or 2]. They also investigated the influence of H2O-to-THF ratio, and revealed that the yield of HMF greatly increased with the increase of H2O-to-THF ratio (from 1:1 to 1:2). In the case of 1:2 H2O-to-THF ratio, the yield of HMF was 65.9% with 99.9% of glucose conversion. However, the minor decrease of HMF yield was observed above this ratio, possibly ascribing to the reductive performance of catalyst with the addition of excessive THF. When using fructose as feedstock, fructose could transform to furaniod form, which could be converted to HMF more easily (Zhu et al., 2011). For instance, Yang et al. (2015) obtained the highest yield (71.5 mol%) of HMF when using fructose as starting material in biphasic H2O/THF system with FePO4 as catalyst.


Table 4. The production of HMF from carbohydrates in different reaction systems.
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In addition to glucose/fructose, the conversion of cellulose even raw lignocellulosic biomass could yield HMF in H2O/THF biphasic reaction system (Zhang et al., 2016; Yu et al., 2017). Fang et al. (2018) studied the production of HMF from cellulose in H2O/THF biphasic system with NaHSO4 and ZrO2. It was pointed out that the yield of HMF linearly increased when THF dosage was raised to 32 g, and kept stable with more THF addition. Instead, the yield of levulinic acid gave an opposite tendency to that of HMF with the increase of THF amount. The increasing THF amount also led to the enhancement of HMF extracting capacity. Consequently, the degradation of HMF to levulinic acid could be remarkably inhibited. More importantly, limited humins was formed with the addition of more THF, suggesting the efficient prevention of HMF condensation with glucose due to the transfer of HMF from aqueous phase to THF phase. The highest yield of HMF was up to 86.5%. Xuan et al. (2018) also showed that the volume ratio of H2O/THF could influence the conversion of M-cellulose to HMF in H2O/THF biphasic system with 1-(3-sulfonic acid)-propyl-3-methylimidazolium hydrogen sulfate ([PSMIM]HSO4) and ZnSO4·7H2O as catalyst, since altering the water content led to a change in catalyst concentration. The yields of HMF exhibited a volcano trend with increasing H2O volume, and a maximal value (58.8%) was achieved at a H2O/THF ratio of 2:20 (v/v), in which the side reactions in the aqueous phase was remarkably suppressed. Sun et al. (2015) investigated the production of HMF from lignocellulosic biomass by the catalysis of solid organic acid catalyst NH2SO3H (SA) in H2O/THF biphasic system with microwave heating, and found that THF contributed to suppress HMF rehydration, thus giving the highest HMF yield of 52.2%.



The Co-production of HMF and Furfural

As we know, furfural is unstable and highly reactive, which can be further degraded especially in the presence of dilute acid at high temperature, therefore mild reaction conditions are generally benefited to reducing furfural degradation. On the contrary, the conversion rate of glucan/cellulose to HMF in pure water is much slower because of the slow rate of glucan hydrolysis, thus severer conditions are required to enhance the generation rate for HMF. When raw lignocellulose is employed as feedstock, the loss of furfural usually exceeds the rate of HMF generation. Therefore, the co-production of furfural and HMF is always challenging because the different requirement of activation barrier for HMF and furfural formation. Recently, it has been proved that H2O/THF co-solvent can overcome the practical barrier, which enables the simultaneous production of furfural and HMF from lignocellulose (Table 5). For example, Smith et al. (2018) observed that the formation of furfural was slower in H2O/THF system, although the rate of disappearance of xylose monomers was faster than that of bulk water. THF seemed to co-catalyze the dehydration reaction of both C5 and C6 sugars via a kinetically favorable pathway.


Table 5. The production of furfural and HMF from lignocellulosic feedstocka.
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Tan et al. (2018) investigated the production of furfural and HMF in different organic solvents, and found that THF media gave the highest yield (49.4%) of furfural, HMF and levulinic acid among the selected solvents over Hβ zeolite catalyst, followed by dioxane with the total yield of 43.8%. Due to the formation of char, both sulfolane and DMSO gave low yield of furfural, although the conversion of glucose was high. It was reported that Hβ zeolite catalyst showed a similar activity to a strong Brønsted acid, which depended on the solvation of proton relative to solvent polarity (Mellmer et al., 2014). Dioxane and THF solvents had smaller dipole moments, suggesting their weaker polarity compared with that of other solvents, thus resulting in less proton solvation and decreasing the degradation/polymerization of the generated HMF and furfural (Karinen et al., 2011; Hu et al., 2014). However, further increasing the water content in THF enhanced the rehydration of HMF forming levulinic acid and formic acid. Besides, the formation of by-products, such as polymer and humins resulted from the polymerization of sugars with HMF or levulinic acid could be also promoted owing to the increase of solution polarity. Cai et al. (2013) compared the yields of furfural, HMF, and levulinic acid derived from raw maple wood chips in H2O/THF co-solvent to that in non-solvent system, and indicated that THF promoted both the hydrolysis of polysaccharides in maple wood as well as the next dehydration reactions of C5 and C6 sugars. The control experiments by varying the H2O/THF ratio in H2O/THF co-solvent demonstrated that the highest yield was realized with 1:3 solutions, obtaining 86% furfural, 21% HMF, and 40% levulinic acid. They also achieved the highest total yields of HMF (51%) and furfural (95%) directly from lignocellulosic biomass using FeCl3 as catalyst in H2O/THF co-solvent, whereas the yield of levulinic acid was very low (6%) (Cai et al., 2014a).

In general, biphasic NaCl-H2O/THF system is more effective for the simultaneous production of furfural and HMF than miscible co-solvent, with the assistance of catalysts. In H2O/THF biphasic system, Fang et al. (2019) obtained 76 and 81% yields of HMF and furfural from corn stover, respectively, using H2SO4/Na2SO4 as catalyst. In combination of Lewis acid with Brønsted acids in NaCl-H2O/THF biphasic system, the yields of HMF and furfural was 44.0 and 92.2% catalyzed by AlCl3/HCl and 36.5 and 81.4% by the catalysis of ZnCl2/HCl, respectively (Gomes et al., 2018). As high as 71% yield of furfural and 30% yield of HMF could be simultaneously produced from wheat straw in NaCl-H2O/THF biphasic system catalyzed by SnCl2-PTA/β (Phosphotungstic acid) catalyst (Xu et al., 2019). Over NbOPO4 and Sn-Mont catalyst, the simultaneous production of furfural and HMF from lignocellulose in NaCl-H2O/THF biphasic system could be further converted to 2,5-dimethylfuran (DMF) and 2-methylfuran over Ru/Co3O4 catalyst, both of which could act as the promising liquid biofuels (Wang et al., 2014).



Levulinic Acid

The influence of different solvent systems, including water, THF and toluene solvents, on the production of levulinic acid from typical C6 sugar monomers/oligomers have also been investigated over solid acid catalysts, such as Amberlyst 70 (Hu et al., 2015). It was shown that solvent greatly influenced the yield of levulinic acid, in which the highest yield of levulinic acid was obtained in water, while the lowest yield was obtained in THF with dried A70 in toluene. This was possibly attributed to the different dispersion of sugars, products and catalyst in the solvents. In addition, solvent polarity affected the behaviors of Amberlyst 70, as well as the ability for the transfer of hydrogen ions and changing its dispersion in solvent. Mellmer et al. (2015) investigated the production of levulinic acid from furfuryl alcohol in a series of solvents, and indicated that the maximum levulinic acid yield (>70%) was achieved in monophasic H2O/THF (1:4, w/w) solvent system using HZSM-5 zeolite as catalyst (Figure 5). It was revealed that the hydrophobic feature of ZSM-5 could change the solvent microenvironment within the framework of zeolite, enabling the formation of levulinic acid with high yield, even though the concentration of THF was very low (2:1, H2O/THF, w/w). The reaction kinetic studies demonstrated that the increase of yield was attributed to the fact that the reaction rate could be significantly enhanced in polar aprotic solvents. The obtained levulinic acid could be further converted to GVL in THF medium. For example, 100% yield of GVL could be produced using molecular H2 over Ni/SA catalyst in THF medium, whereas much lower yield was found in water medium (Gundekari and Srinivasan, 2019).
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FIGURE 5. Maximum levulinic acid yields achieved at various H2O/THF solvent concentrations using (A) H-ZSM-5_23 and (B) sulfuric acid as catalyst. Reaction conditions: furfuryl alcohol (1 M), solvent (1.5 mL), 393 K, and stirring at 700 rpm. Reactant to solid catalyst ratio (w/w) = 0.6. Sulfuric acid solution = 0.1 M. Reproduced from Mellmer et al. (2015) with permission from American Chemistry Society.





INHIBITING HUMINS FORMATION

One of the most important contributions of H2O/THF system for the improvement of both yield and selectivity to target products is relative to its role in inhibiting humins formation, which can also significantly enhance the carbon balance, as well as benefiting to the effective utilization of lignocellulose. This has been proved by substantial experimental results. For instance, Fu et al. (2017) showed that the presence of THF in CO2-H2O/THF system (1:1,VH2O/VTHF) inhibited the generation of oligomers as well as increasing carbon balance. This suggested the promoting effect of THF on the retro-aldol condensation of fructose and the rehydration reaction of HMF, in addition to the inhibitory performance on the condensation of glucose via retro-aldol reaction (Figure 6). To deeply reveal the mechanism of H2O/THF co-solvent on the inhibition of humins formation, Vasudevan and Mushrif (2015) conducted molecular dynamics simulations to study glucose solvation in H2O/THF co-solvent. It was demonstrated that the added THF preferentially occupied the first solvation shell of glucose by competing with water molecules, in which most of water molecules were driven away from the first shell and existed in the second shell. Even in the presence of only a few THF, about 50% water molecules could be driven away from the first shell. Although the number of water molecules, which directly coordinated with glucose, became fewer with the addition of THF, the interaction between water molecules with glucose was indeed strengthened, where THF mainly localized around H atom of -OH in glucose. The preferential arrangement of water molecules and THF molecules around glucose might facilitate the conversion of glucose to HMF or levulinic acid, and also reduce the degradation of glucose to undesired by-products. Increasing the ratio of THF to H2O could also increase the lifetimes of hydrogen bond between glucose and water, thereby restricting the mobility of glucose in the solvent, thus reducing the formation rate of polymerization/condensation products and humins.
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FIGURE 6. Role of compressed CO2 and THF in each subreaction of glucose conversion in a compressed CO2-H2O/THF solvent system. Reaction conditions: 2.2 mmol glucose, 32 mL solvent (H2O-THF 1:1), 1.0 MPa CO2, 190°C, 4 h. Reproduced from Fu et al. (2017) with permission from Royal Society of Chemistry.




CONCLUDING REMARKS AND PERSPECTIVE

In summary, H2O/THF co-solvent significantly fractionated and solubilized lignocellulosic biomass, especially for lignin and cellulose components, and lowered the recalcitrance of lignocellulose, affording liquid fluid with better mass and heat transfer, and enabling the adequate contact with catalyst, thereby favoring its further upgrading. In addition, H2O/THF system also promotes the hydrolysis of fractionated cellulose/hemicellulose to sugars, as well as the next sugar dehydration, thereby achieving high yields of valuable chemicals with high selectivity (e.g., furfural, HMF, and levulinic acid). More importantly, H2O/THF system, in particular NaCl-H2O/THF biphasic system, also own extraordinary properties for extracting these chemical compounds from water mixture, thus inhibiting their further conversion and significantly increasing the yield and selectivity of target products, and minimizing the formation of byproducts, such as polymerization products and humins. Therefore, H2O/THF system is a promising solvent system with multi-functions including not only the pretreatment and fractionation of lignocellulose but also the next conversion of solubilized oligomers to obtain valuable chemicals with high yield and selectivity. After reaction, THF could be separated and recycled by simple distillation, due to its lower boiling point, which could be reused for the next run. Thus, the valorization of biomass in H2O/THF system is considered as an economical approach.

There are still several problems which are not clarified and need deep investigation. For instance, the synergetic effect of H2O and organic solvent (e.g., THF) in the process of fractionated lignin or cellulose/hemicellulose solubilization, as well as the influence of solvent system on the structure and property of resulted liquid fluid which decides the yield and selectivity of downstream product, required further studies. In addition, the recent research has pointed out that co-solvent mixture with various organic solvent structure or different ratios of H2O to organic solvent exhibited unique selectivity for the solubilization of different components in lignocellulosic biomass. However, it is unknown about the reason and relationship between the properties of solvent system and its selectivity toward different components in lignocellulosic biomass. As for the further conversion of the resulted fluid, more information on the performance of solvent system needs to be revealed, besides the well-known extraction function. The influence of solvent system on the performance of catalyst also needs further clarification. In future work, we think more attention would be focused on the following aspects: (1) the influence of type and properties of solvent system on the selective fractionation and solubilization of one or two components in lignocellulosic biomass, (2) the deep elucidation of fractionation and solubilization in various solvents, (3) the performances of solvent system on the subsequent liquid fluid conversion, (4) mechanistic aspects at molecular level of the above conversion processes.
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A series of biomass-derived platform molecules, such as glucose, furans, levulinic acid, 5-hydroxymethylfurfural, and acetic acids, can be converted into a variety of value-added chemicals through catalytic transformations that include dehydration, hydrogenation, oxidation, isomerization, reforming, ketonization, and aldol condensation over heterogeneous catalysts. Aqueous-phase processing is an important issue and a great challenge for the heterogeneous catalytic conversion of biobased chemicals due to the high water content of the biomass and the formation of water during the transformation process. In this paper, heterogeneous catalysts that are applicable to the aqueous-phase conversion process of biomass platform chemicals, including noble metal catalysts, non-noble metal catalysts, bimetallic catalysts, metal oxides, and zeolite, are introduced, and a comprehensive evaluation of the catalyst performance, including the catalytic activity, stability, and regeneration performance of different kinds of heterogeneous catalysts, are made. Besides, we highlighted the effect of water on heterogeneous catalysts and the deactivation mechanism in the aqueous phase. Beyond this, several catalytic mechanisms of aqueous-phase conversion over heterogeneous catalysts are summarized in order to help understand the reaction process on the surface of catalysts in the aqueous phase, so as to design targeted catalysts. At last, a prospect of biobased chemicals and fuels is forecasted.

Keywords: biomass, aqueous phase, heterogeneous catalysis, dehydration, hydrogenation, oxidation, isomerization, ketonization


INTRODUCTION

With the depletion of traditional fossil energy and its environmental adverse impact, alternative energy sources that have good renewability and environment friendliness are needed (Tang et al., 2017). Among all of the alternative resources, biomass is considered to be one of the most potential competitors not only as fuels but also as chemical intermediates (Dusselier et al., 2013) because of the rich abundant and good sustainability. There is no doubt that biofuels are promising products of the utilization of biomass, which have a huge market demand; however, the discussion on the conversion of biomass into biofuels is not within the scope of this work. Despite the fact that simple edible starting materials like starch and sugars can easily be converted into valuable products (Binder and Raines, 2009), this pathway is not perceived as a promising approach because it competes with food production, directly, or indirectly (Sheldon, 2014). In contrast, lignocellulose, which is composed of cellulose, hemicellulose, and lignin (Luterbacher et al., 2014), is edible, although relatively difficult to process. Similar to the petrifaction industry, the biomass-based industry can achieve economic feasibility by producing chemical platform molecules via several routes as shown in Figure 1, and then further converting them into valuable chemicals through biorefinery (Serrano-Ruiz et al., 2011). These platform compounds often contain a high degree of oxygenated groups, which can exert negative effects while converting them into fuels. On the other hand, the high oxygen content makes them water-soluble; therefore, it is possible to convert those chemicals through aqueous-phase processes at mild temperature and pressure. Besides, waters are produced either by biomass itself or by the process of reducing the oxygen content; this also provides a beneficial effect on the aqueous-phase conversion of biomass compounds.


[image: Figure 1]
FIGURE 1. A general conversion route of biomass.


During a general conversion route of lignocellulose, monomeric molecules such as xylose and glucose are firstly produced through the fermentation process (Menon and Rao, 2012). Subsequently, the key intermediate products, furfural, and 5-hydroxymethylfurfural (HMF), can be produced through dehydration of pentoses and hexoses, respectively (Chheda et al., 2007). These chemicals can be further processed into a variety of useful platform chemicals like levulinic acid (LA) or 2,5-dimethylfuran (DMF) (Gallezot, 2012) by hydrogenation or oxidation. These substances can be subsequently processed into desired products by isomerization (Roman-Leshkov et al., 2010), reforming (Cortright et al., 2002), ketonization (Pham et al., 2013), esterification (Fernandes et al., 2012), and aldol condensation (Patil and Lund, 2011). In the aqueous phase, the produced water has a lower effect on the conversion process. Heterogeneous catalysts, because of their excellent separation, are of good prospects for development. Obviously, the activity and stability of catalysts play a significant role in the process. For heterogeneous catalysts, properties like activity and selectivity depend on the surface area, pore structures, and acid sites, and stability and recyclability depend on water tolerance and hydrophobicity. Many reactions have been achieved in the gas phase or the organic solvent phase before; however, most catalysts cannot play full catalytic ability in the aqueous phase; the most common is deactivated rapidly, because of the degradation of catalysts caused by the corrosive effects of H+ or OH− ions and dissolved organic carbon in water (Han Y. L. et al., 2016). Thus, it is necessary to improve the stability of heterogeneous catalysts in the aqueous phase by improving their surface hydrophobicity through doping of the support with heteroatoms, surface modification, thin-film coatings, or other ways (Ravenelle et al., 2011). In that case, increasing the hydrophobic character of catalysts through the increase in the Si/Al ratio of zeolites (Xiong et al., 2014), or using appropriate hydrophobic supports, such as metal oxide and carbon materials, can be used to improve the activity and hydrothermal stability (Ravenelle et al., 2011).

Several reviews have been published about reactions of biomass platform chemicals (Irshad et al., 2019; Liu et al., 2019; Luo W. H. et al., 2019). This field has broad prospects because of the demand for renewable energy resources. Furthermore, water can act not only as a solvent but also as a reactant, hydrogen source, or catalyst, which is quite different from the relatively inert organic solvents such as toluene and dioxane. Thus, catalysts show completely different activities and stabilities in the aqueous phase, organic phase, or gas phase, so that the aqueous-phase conversions are worth to be discussed in detail. The purpose of this review is to discuss the heterogeneous catalytic conversion in the aqueous phase of biomass platform chemicals, expect to provide a general understanding of this field, and give possible direction for developing novel catalysts or methods to the reactions. The following explanation starts from three aspects: species of biomass platform chemicals, advantages, and challenges of aqueous-phase conversion, and the characteristics of heterogeneous catalysts.


Biomass Platform Chemicals

First of all, the types of biomass platform chemicals should be identified. These platform molecules were initially selected by the US Department of Energy (DOE) in 2004 (Werpy and Petersen, 2004) and revisited by Bozell and Petersen (2010). The original list includes carbon 1,4-diacids, 2,5-furan dicarboxylic acid (FDCA), 3-hydroxy propionic acid (3-HPA), aspartic acid, glucaric acid, glutamic acid, itaconic acid, LA, 3-hydroxybutyrolactone, glycerol, sorbitol, and xylitol/arabinitol. In the course of further research and development, some compounds, such as organic acids like aspartic acid, glucaric acid, glutamic acid, and itaconic acid, had been neglected and gradually faded out of sight (Bozell and Petersen, 2010); in contrast, some other compounds were carried out because of the demand arising from the progress of transformation technology. In recent years, research on biomass platform molecules includes the following: ethanol, furans (including furfural and HMF), glycerol, lactic acid, succinic acid, LA, sorbitol, and xylitol. Some of these molecules are produced by fermentation; some of them are converted from C5 or C6 sugars (Climent et al., 2014). The similar point of these chemicals is that they all have a large source and a variety of transformation methods.



Advantages and Challenges of the Aqueous-Phase Conversion of Biomass Platform Chemicals

As previously mentioned, the aqueous-phase conversion is a feasible strategy for biomass utilization, because of the high dissolvability, easiness of separation, and green color and nontoxicity (Climent et al., 2014) of water as the solvent. Despite water being not the only option as a green solvent, it can be one of the most promising and competitive solvents because of its widespread presence in biomass sources. Moreover, water can also participate in the reaction through multiple ways, such as a hydrogen donor in the hydrogenation process (Hu et al., 2014) or as one of the reactors in ring opening and isomerization reaction (Choudhary et al., 2013). The most noteworthy is the effect of hydrogen bonds; water as a solvent can significantly accelerate the transformation of H atoms from the bulk phase to the catalyst surface through a hydrogen bond network composed of water, which is called the Grotthuss mechanism (Agmon, 1995). However, the hydrothermal stability of heterogeneous catalysts has been one of the critical factors restricting the development of biomass aqueous-phase transformation technology (Huo et al., 2018). Although this stability can be improved through particular treatments, such as modification with metals, coating, or silanization (Gayubo et al., 2010), these treatments are often observed to affect other properties of catalysts. Therefore, it is necessary to expand the development of the transformation of biomass resources and the efficient utilization technology in the aqueous phase.



Heterogeneous Catalysts in the Aqueous Phase

According to the different physical and chemical properties of the reactants, different kinds of catalysts are required. In general, these catalysts can be divided into homogeneous and heterogeneous catalysts. Homogeneous catalysts have the advantage of high solubility, which makes them better to contact with the reactants, to show higher activity or milder reaction conditions (Shylesh et al., 2010). However, homogeneous catalysts faced difficulty in catalyst recovery and separation with the products, which increases their cost, and that becomes one of the bottlenecks of the industry. On the other hand, with the increasing environmental and economic demands for sustainability (Shylesh et al., 2010), heterogeneous catalysts, with the advantages of environment friendliness, easy separation, and great reusability, are more in line with the needs of technological development in recent days. The heterogeneous catalysts that are applied for the aqueous-phase conversion of biomass platform chemicals are usually porous materials with high surface activity and specific surface areas, such as alumina, silica, carbon materials, and metal oxides (Wu K. J. et al., 2016). Because of the foundation of the petrochemical industry, traditional heterogeneous catalysts are mainly used in the conversion of hydrocarbons in the gas phase, which enables them to be stable at high temperatures and to adapt to non-polar compounds (Rinaldi and Schuth, 2009). As highlighted above, however, the aqueous-phase conversions are quite different, and that places new requirements for heterogeneous catalysts.

To date, biomass platform chemicals' heterogeneous catalytic reactions in the aqueous phase, such as dehydration, hydrogenation, oxidation, isomerization, reforming, ketonization, and aldol condensation, have been studied. In the following sections, we will highlight the recent advances of heterogeneous catalysts for these reactions in the aqueous phase.



Production of Biomass Platform Chemicals From Biomass

As described above, biomass platform chemicals could be various in different types. A common way of classification is through the carbon number, which is closely related to its biomass source. Therefore, compared with the conversion and utilization of biomass, the production process of biomass is also worthy of attention. Because of the limitation of the focus and length of this paper, too much discussion may not be added here, but the most basic discussion is necessary.

Biomass platform chemicals are originally produced by wood or algae through thermochemical conversion processes. Wood generally contains cellulose (40–50%), hemicellulose (10–30%), and methyl cellulose (20–30%). According to different components, different biomass platform chemicals can be produced. Cellulose, which is formed by the D-glucose units, can be converted to glucose by the hydrolysis of β-1,4 glucan (Suganuma et al., 2008), and then goes through the C6 pathway to other platform chemicals such as sorbitol (Rey-Raap et al., 2019), 5-HMF (Yu and Tsang, 2017), or LA (Kang et al., 2018). In contrast, hemicellulose is not a single carbohydrate polymer. The hardwood hemicelluloses contain mostly xylans (Saha, 2003), which is the major source of xylose and C5 platform chemicals such as furfural (Luo Y. P. et al., 2019). Furans are a promising and important platform chemical because they are precursors of many other platforms as mentioned above. Therefore, the platform chemical system constructed by cellulose and hemicellulose has been widely studied.

The case of algae is quite different. The main components of algae are fat, polysaccharide, and protein (Khoo et al., 2019), which makes the problem more complicated. Though the current conventional way of utilization is to make it into bio-oil, the complex composition of algae also provides a possible way to separate each component and produce value-added chemicals (Harun et al., 2010); the most common are acetone, glycerol (Karimi et al., 2015), bioethanol (Dave et al., 2019), or other alcohols. In general, algae are not the main battlefield for the production of biomass platform chemicals.




DEHYDRATION

High-valued products of furan compounds such as furfural and HMF, generated from dehydration of renewable biomass platform chemicals of six-carbon ketose and pentose, have been identified as a primary and versatile renewable biomass feedstock. Dehydration reactions play vital roles in aqueous-phase catalytic processing to produce fine chemicals and liquid fuels from biomass-derived oxygenated hydrocarbons (Huber et al., 2004).

Xylose, glucose, and sorbitol as the most abundant renewable biomass platform chemicals can be transformed to several molecules such as HMF, furfural, levulinic ester, furfuryl alcohol, and isosorbide. Because of the rehydration and polymerization reactions, many by-products, such as organic acids and humins, were synthesized in glucose dehydration to HMF in the water phase (Delidovich et al., 2014).

In this part, we summarize recent advances in the heterogeneous reaction system for the catalytic production of furan compounds from dehydration of biomass platform chemicals (Wang et al., 2017). Solid acid catalysts are advantageous due to their economic promise, environmental viability, and recyclability for aqueous-phase dehydration. Thus, solid acid catalysts such as phosphate, nanosized mixed oxides, and zeolites have been investigated (Kobayashi et al., 2015).


Phosphates

A great deal of effort was focused on the development of efficient, inexpensive, simple structure and easily separated heterogeneous solid acid phosphate catalysts, in order to solve the shortcomings of restricted large-scale use and complex preparation process. What's more, a phosphate catalyst containing both Lewis and Brønsted acidic sites and the synergistic effect of Lewis and Brønsted acid sites in the phosphate catalyst were demonstrated to be an efficient conversion of xylose to furfural. Typically, the catalyzed dehydration of xylose to furfural involved the isomerization of xylose to xylulose or lyxose, followed by dehydration to produce furfural. Lewis acid plays a critical role in the xylose-to-xylulose isomerization, while Brønsted acid is active for xylulose dehydration. On the other hand, for the dehydration of xylose to HMF or furfural, lots of studies have also confirmed that the conversion rate of xylose and the yield of HMF or furfural were greatly improved in the water/organic biphasic system by using the solid phosphate catalysts. For xylose dehydration to furfural, it is desirable to have a high ratio of Brønsted to Lewis acid sites to design efficient aqueous-phase dehydration catalysts. Lewis acid sites decrease furfural selectivity by catalyzing a side reaction between xylose and furfural to form humins. Fang et al. (2017) demonstrated that a high furfural yield of 54.9 mol% and a complete conversion (100%) of xylose were obtained at 180°C for 3 h in the aqueous phase by a bifunctional NbOPO3 catalyst. In the work reported by Xu et al. (2018), a furfural yield could reach 18% from the xylose at 160°C for 60 min under a CrPO4 catalyst in the aqueous phase. However, an excellent furfural yield is up to 88% at the same condition by CrPO4 catalysis in the water/tetrahydrofuran biphasic system. Moreover, after four catalytic cycles, a desired 47% furfural yield was still obtained.



Nanosized Metal Oxides

In recent years, production of nanosized metal oxide catalysis material led to new innovations and improvements in science and industry. It has been confirmed that metal oxide nanoparticles with a large surface area such as CuO, ZnO, Ga2O3, and MgO exhibit good activity and selectivity for the dehydration of xylose to furfural (Kumar et al., 2015).

Zn doped CuO nanoparticles (Cu0.89Zn0.11O) synthesized by Gedanken group (Mishra et al., 2019) exhibit good activity and selectivity for the conversion of xylose to furfural, which enhances its catalytic activity and enables it to completely convert xylose and the 86% yield of furfural at 150°C within 12 h. The incorporation of Zn into CuO lattice resulted in a highly defective structure of the Zn doped CuO NPs, which provide more active sites for xylose to dehydrate. The Zn doped CuO NPs catalyst on the mechanism of dehydration of xylose to furfural is provided in Figure 2. In this mechanism, the reaction is in the forward direction via xylose isomerization with a 1,2-hydride shift. Then, xylulose is converted into an oxicarbenium ion by Zn and Cu, which act as Lewis acids. The subsequent deprotonation of these species produces an enol and further yields furfural by losing three molecules of water.


[image: Figure 2]
FIGURE 2. Possible reaction mechanism for the dehydration of xylose to furfural on Zn doped CuO catalyst. Reprinted from Mishra et al. (2019), with permission from Elsevier.


The catalytic activity of β-Ga2O3 nanorods was examined during the dehydration reaction of xylose to furfural, and results showed that β-Ga2O3 exhibits good activity and selectivity. The 94% yield of furfural is obtained at 150°C within 12 h (Kumar et al., 2016). The inherent characteristics of the stimuli and thermoresponsiveness for gallium-based oxide nanoparticles catalyst might be key factors leading to higher production of furfural from xylose.

Sn-based catalysts have demonstrated high activity for dehydration of glucose to platform chemicals, such as HMF and lactic acid. The catalytic results obtained by Sn supported on γ-Al2O3 (Sn/γ-Al2O3) catalyst concluded that the Lewis acidity offered by Sn oxides promotes the retro-aldol reaction pathway toward lactic acid, while the Lewis acidity offered by γ-Al2O3 enhances the synthesis of both HMF and lactic acid (Marianou et al., 2018). HMF yields of 12 and 88% glucose conversion were obtained in the aqueous phase at 150°C, 60 min, by Sn/γ-Al2O3. The highest HMF molar yield of 27.5% (at complete glucose conversion) was achieved. Lewis acid was used as a catalyst for the dehydration of glucose to produce versatile high value-added biochemicals and liquid biofuels.



Zeolites

Zeolites with well-defined pores between 5 and 13Å are usually highly structured crystalline inorganic aluminosilicates, which show excellent thermal and chemical stability and mostly present Brønsted acidity giving them the ability to transform substrates into products, for instance, sorbitol dehydration into isosorbide, and glucose dehydration to prepare HMF (Kruger et al., 2012).

Sorbitol is one of the top 10 platform chemicals in biorefinery proposed by US DOE (Bozell and Petersen, 2010), and the most promising derivative of sorbitol is isosorbide. Isosorbide is used for treating glaucoma, brain hypertension, and Ménière's disease (Yemi and Mazza, 2019). The most common zeolites used in the dehydration of sorbitol into isosorbide are H-beta zeolites. Kobayashi et al. (2015) revealed that conversion of sorbitol to isosorbide by H-beta zeolites with a drastically high Si/Al ratio of 75 gives isosorbide in up to 76% yield at 127°C for 2 h.

In the comparison study of the catalytic performance for dehydration of D-xylose into furfural obtained with H-zeolites, Kim et al. (2011) carried out some contrast experiments by H-Y, H-mordenite, H-Ferrierite, H-ZSM, and H-beta. The highest furfural yield of 21.9% was obtained with H-Y in the presence of the aqueous solvent. They concluded that the D-xylose conversion and furfural yield generally decreased with an increasing Si/Al ratio of the H-zeolites.

Researchers have demonstrated that the zeolites are active in the glucose dehydration to prepare HMF. Mercedes revealed a glucose conversion of 57% and an HMF yield of 1.6% in the aqueous phase at 195°C, 30 min, using H-ZSM-5 zeolites with a Lewis/Brønsted molar ratio of 0.25. However, a conversion of 80% and an HMF yield of 42% were achieved by using a biphasic NaCl (20 wt%) aqueous solution/methyl isobutyl ketone system (Moreno-Recio et al., 2016). They corroborated that the catalytic activity is enhanced with the H-ZSM-5 zeolite introducing inorganic salt NaCl solution in the biphasic reaction medium.

The dehydration of xylose to furfural in aqueous solutions by a ZSM-5 zeolite catalyst was studied by O'Neill et al. (2009). They demonstrated that 46% furfural yield was produced at 200°C in an aqueous medium by H-ZSM-5 with a pore size of 1.2 nm. Therefore, a zeolite with a pore size around 0.8 nm, which ideally is close to xylose and furfural molecular sizes, would be more effective for the dehydration of xylose to furfural, as it would allow enough room for xylose to thread in and dehydrate to furfural.

Compared with microporous zeolites, mesoporous zeolites can provide excellent support because they are free from kinetic diffusion limitations in the case of larger molecules. Mesoporous zeolites, due to their good structural feature, high surface area, and relatively large pore size, have been widely studied for the dehydration of biomass platform chemicals, such as glucose dehydration to HMF. The most widely described reaction route of glucose to HMF consists of two steps: (1) isomerization of glucose to fructose in which Lewis acid sites play a significant role, and (2) dehydration of fructose to HMF; appropriate Brønsted acid sites are beneficial to the production of higher HMF yield. Jiang et al. designed and synthesized a zirconium doped mesoporous KIT-6 catalyst (Zr-KIT-6) for the dehydration of glucose into HMF. The maximum glucose conversion of 54.8% and HMF yield of 19.5% are obtained at 170°C after 3 h in an aqueous phase. In the biphasic MIBK–water system, 79.0% conversion of glucose and 34.5% HMF yield were optimally obtained (Jiang et al., 2018). This excellent result is mainly attributed to the highly distributed ZrO2 nanoparticles and multicoordinated Zr4+ species in Zr-KIT-6 samples.

Mesoporous SBA-15 materials, because of their unique surface, pore structure with tunable uniform hexagonal channels, and hydrothermal stabilities, are a good candidate as a support for the dispersion of active centers. Wu's group (Shi et al., 2011a; Hua et al., 2013) designed synthesis SBA-15-SO3H and AAO/SBA-15-SO3H catalysts containing active centers of sulfoacid, a support of SBA-15 and substrate of porous alumina membrane (AAO). The conversion of xylose and selectivity of furfural were 90 and 70%, respectively, at 160°C for 4 h in a water/toluene two-phase system on both catalysts. A high reaction rate, mass transfer, and heterogeneous distribution of the active site of the AAO/SBA-15-SO3H catalyst are shown in Figure 3 (Hua et al., 2013).


[image: Figure 3]
FIGURE 3. The scheme of solid acid catalyst packing and dehydration of xylose to furfural. Reprinted from Hua et al. (2013), with permission from Elsevier.


Besides, Wu prepared a metal oxide loaded on the support of SBA-15 as Al-promoted [image: image]/ZrO2/SBA-15 catalysts (Shi et al., 2011b). The introduction of the Al stabilizes the tetragonal phase of the ZrO2 and thus increases the number and intensity of acid sites. The catalytic activity for dehydration of xylose to furfural was investigated. With increasing Al loading to 12%, the 98.7% xylose conversion and 53.4% furfural selectivity can be obtained at 160°C for 4 h in a H2O/toluene biphasic system.

In addition to the above catalysts, the relatively cheap and environmentally friendly ion-exchange resin was reported for the conversion of xylose to furfural. The result for the reaction of the xylose conversion rate is 71.8% and the furfural yield is 28.8% in water at 150°C for 16 h with Amberlyst 70 (specific surface area 36 m2 g−1 concentration of acid sites 2.65 mmol-H+ g−1, average pore diameter 22 nm) as the catalyst (Sato et al., 2019).



Summary

Referring to the recently published literatures on the dehydration of biomass platform chemicals in the aqueous phase, the heterogeneous catalysts have been widely investigated. In this part, we have summarized the heterogeneous catalysts that have been relatively well studied in recent years including phosphate, nanosized metal oxides, and zeolites, which are mostly used for the dehydration of glucose, xylose, and sorbitol to furfural and isosorbide. For phosphate catalyst and zeolites, they have the common characteristic that the synergistic effect of Lewis and Brønsted acid sites with a high ratio of Brønsted to Lewis acid sites was demonstrated to be efficient and has superior activity to transform xylose and glucose into furfural. Nanosized metal oxides exhibit good activity and selectivity for the dehydration of xylose to furfural. From the current results, the highest conversion rate can reach ~100% by the phosphate of NbOPO3 and the mesoporous SBA-15 catalyst on the dehydration of xylose. On the other hand, the highest yield of furfural (94%) dehydration from xylose is obtained by the metal oxide of β-Ga2O3 nanorod. To sum up, the design and synthesis of a catalyst, which not only can convert reactants to 100% and achieve 100% yield but also has good hydrothermal stability, will be a difficult problem that we urgently need to solve.




HYDROGENATION

Most of the biomass platform chemicals, such as furfural or HMF, contain unsaturated bonds. Hydrogenation is needed in the process of the conversion to fine chemicals or bio-oil. The essence of hydrogenation, hydrogenolysis, and hydrodeoxygenation is the hydrogenation of C=O, C=C, or C–O bonds; generally, C=O bonds are more easily activated. In recent research of hydrogenation, VIII group metal catalysts, especially Ni, Pt, Pd, or Ru, are mostly studied; noble metal catalysts usually show higher catalytic activity; however, more works are demanded to stop the conversion at target products, instead of excessive hydrogenation. In this section, recent advances in heterogeneous catalysts for aqueous-phase hydrogenation of biomass platform chemicals are discussed in order to provide ideas for the design of new catalysts.


Noble Metal Catalysts

Because of outstanding activity, selectivity, and stability, noble metal catalysts are considered to be one of the best hydrogenation catalysts. The high activity can be attributed to the special electron and band structure. The adsorption capacity of the substrate depends on the percentage of d orbital (d%) in the spd hybrid bonding orbit. In noble metals such as Ru, Pd, and Pt, the d% can be over 40% or even 50%.

Noble metal supported catalysts received the most extensive research because of the excellent hydrogenation activity in the aqueous phase. Under the existence of noble metal catalysts, the hydrogenation of furfural (Taylor et al., 2016) and LA (Dhanalaxmi et al., 2017) can reach nearly 100% conversion and selectivity. Li et al. (2016) compared the reaction mechanisms between Cu and group VIII metals of the conversion of furfural to furfural alcohol, showing that the different binding mode and lower activation barrier interpreted the higher activity of group VIII metal. Zhao et al. (2019) explained the effect of water of the same conversion through free energy calculations, illustrating that water helps surface charge separation to form solvated protons in water and electrons left in the metal reservoir, both of which reach the adsorbed reactants simultaneously (Zhao et al., 2019). The activation barrier of hydrogenation can be significantly reduced by the transformation of the proton through a hydrogen-bonded water network. Thus, it can be seen that the advantages of using the aqueous phase on hydrogenation are mainly manifested in hydrogen bonds. On the one hand, the binding energy of substrates can be decreased through hydrogen bonds with water. On the other hand, the proton transfers through hydrogen bonds between water molecules can accelerate the protonation of the carbonyl group.

The effect of support should not be neglected. Li S. P. et al. (2019) decorated Ru on the ultrathin anatase TiO2 nanosheets with exposed (001) facets, which proved that the different electronic and surface properties of support can strongly affect the activity of the catalysts. Ru/TiO2-n, which contains most (001) planes, showed the highest activity because of the presence of more Ru (0) on the surface. Abdelrahman et al. (2014) studied the mechanism of this reaction. LA firstly hydrogenated in the Ru sites, and then acid-catalyzed dehydration occurs homogeneously catalyzed by acid. Therefore, it is necessary to regulate acidity and alkalinity according to the reaction.

A characteristic of aqueous-phase hydrogenation is that it is a gas–liquid reaction that occurs at the liquid–solid interface, so the mass transfer restriction can be one of the major influencing factors. Under that influence, overcoming the mass transfer limitation can speed up the reaction process. Bagnato et al. (2018) synthesized a series of catalytic membranes to increase the phase interface for the selective hydrogenation of furfural to furfural alcohol. The use of Ru-based catalytic membrane reactor significantly reduced the H2 requirement and increased the turnover frequency. The furfural alcohol selectivity reached >99% under 70°C and 7 bar. However, it was observed that some of Ru clusters were lost after the reaction; it is necessary to find some more resistant metal support.

As reported by Yakabi et al. (2018), Pd/Al2O3 catalysts were synthesized for the hydrogenation of succinic acid to γ-butyrolactone (GBL). Among catalysts with different loads, 2 wt% Pd/Al2O3 prepared by co-precipitation achieved optimal performance. Transmission electron microscope (TME) images and particle size distributions show that this catalyst possessed a smaller mean particle size and a narrower particle size distribution. The particle size and dispersion of metal clusters can affect the catalytic activity, which are also reported by Upare et al. (2011); the Ru/C catalyst showed the best catalytic activity attributed to the higher dispersion.

In summary, not only particle size and dispersion of the metal active sites but also structure or even orientation of the support can affect the activity, selectivity, and stability of catalysts. The different impact of water on noble metals is also noticeable. Besides, the high price of noble metals is still a problem; using bimetallic catalysts or designing a new reactor with higher availability might be a way out.



Non-noble Metal Catalysts

Because of the high price of noble metal catalysts, some of the non-noble metals that have similar chemical properties and catalytic activity, such as Fe, Co, Ni, or Cu, also received great attention.

Dutta et al. (2019) summarized Ni, Cu, and Zr supported catalysts for the conversion of LA to gamma-valerolactone (GVL) reported in the last 5 years. Some of them, such as Ni/Al2O3, Cu/ZrO2, or Cu/Al2O3, showed 100% conversion and >99% selectivity at harsh conditions (about 200°C, >30 bar H2 pressure). However, further research on catalyst stability and recyclability is still needed. The leach of metal can be attributed to the weak interplay between metals and supports, but stronger interplay may sacrifice dispersion and reduce the catalytic activity.

Cerium also showed fair activity in the hydrogenation reaction. Feng et al. (2019) reported a (CePO4)0.16/Co2P catalyst, which achieved 98.2% LA conversion and 97.1% GVL yield at 90°C, 4.0 MPa H2 in 1.5 h. Moreover, the catalyst continued to have high performance in at least five cycles, which proved that it can maintain long-term activity and stability under strongly acidic conditions.

In contrast, non-noble catalysts are used in the hydrogenation of furfural more frequently. Gong et al. (2018) reported two N-doped carbon nanotube-encapsulated metal nanoparticles called Ni@NCNTs-600-800 and Co@NCNTs-600-800, which showed excellent catalytic performance in the hydrogenation of furfural. The yield of furfural alcohol reached as high as 100% at 80°C and still active after six cycles. The high yield of deep hydrogenation products, tetrahydrofurfuryl alcohol or cyclopentanone, indicated that the catalyst has greater catalytic potential at higher temperature and pressure.

In summary, non-noble metal catalysts can reduce the cost of catalysts but faces the predicament of metal leaching for a long time. With the research in-depth, this problem is gradually being solved to a certain extent. Nevertheless, the superiority of noble metal catalysts is still reflected in terms of conversion, selectivity, or reaction conditions, such as temperature and pressure. In order to give full play to the advantages of high activity of noble metal catalysts and low cost of non-noble metal catalysts, a possible way to achieve that is to use bimetallic catalysts.



Bimetallic Catalysts

In the directional selection of products, catalysts with appropriate activity are required frequently. In recent years, some bimetallic catalysts are reported. Some of them are non-noble metal catalysts modified with noble metals, and some of them are alloy metal catalysts. These kinds of catalysts are designed based on the structural and catalytic characteristics of different metals, thus improving the catalytic efficiency through synergism.

Qiu et al. (2019) reported a Ru prompted MoO3−x/C catalyst in the conversion of sorbitol into C5-C6 alkane, which showed the excellent activity of 87.3% yield. The production of alkanes depends on the relative rates on C–C and C–O bond cleavage (Li and Huber, 2010), so the concentration of metal to acid sites is the key to control the product distribution. The addition of Ru promoted the reduction of Mo to strengthen the hydrogenation capacity of it.

Putro et al. (2017) synthesized a Ni–Fe alloy catalyst by using a hydrothermal method that achieved high selectivity in the hydrogenation of furfural. The result suggested that the electron-deficient Fe can weaken and activate the C=O bonds through a side bonding interaction of the lone pair of oxygen in the carbonyl group, making π-complexing occur between the C=O bonds and the Ni atoms, as shown in Figure 4.
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FIGURE 4. Plausible mechanism for the selective hydrogenation of unsaturated alcohols over Ni–Fe-based alloy. Used with permission of Royal Society of Chemistry, from Putro et al. (2017); permission conveyed through Copyright Clearance Center, Inc.


Using non-noble metal catalysts can reduce the cost, and the promotion of noble metal or other effective metals can optimize the performance of the catalyst. Hence, it can be a feasible technique of aqueous-phase conversion of biomass platform chemicals.



Summary

Hydrogenation, which can reduce the unsaturation and oxygen content, is a very important conversion of biomass platform chemicals. The advantages of aqueous-phase hydrogenation are manifested in hydrogen bond, which can decrease the binding energy of substrates and accelerate the process of carbonyl group protonation. As far as the catalytic effects are concerned, noble metal catalysts present the best activity, stability, and recyclability, but they will cost more. Because many noble metal catalysts can achieve nearly 100% conversion, the higher activity cannot be reflected. Hence, more temperate reaction conditions and better stability are the current research direction. On the other hand, this also provides an opportunity for non-noble metal catalysts. Because of the congenital advantage in price, non-noble metal catalysts gained a lot of attention, especially in the study of the catalytic stability and recyclability to prevent the loss of metal, which is the dominant issue at present.

With the in-depth studies of the active sites of metal catalysts, the effects of the support structure and the interaction with metals are attracting more attention. The surface morphology and defects of support can strongly affect the dispersion and the stability of the combination of metal active sites. Moreover, the acid sites on the surface of support also play an important role in the conversion process. Different calcination temperature and acid or base treatment can affect the surface topography of support, but the effect on the activity and stability of catalysts is complicated. In general, treatment of acid or base brings the increase in active sites, which can enhance the catalytic activity but reduce the stability at the same time.




OXIDATION

In the traditional petrochemical industry, a wide range of commodity chemicals are produced via selective oxidation of petroleum-derived feedstock (Zope et al., 2010; Lanzafame et al., 2014; Kwon et al., 2016). Lignocellulose typically contains 40–45% (weight in dry base) oxygen content, which outclassed that of petroleum (He et al., 2014). These value-added molecules could potentially be more economical to produce platform chemicals containing oxygen elements from biomass rather than petroleum. So, catalytic oxidation of biomass into platform chemicals widely attracts scholars' attention.

Recently, many reports have been published about oxidation of biomass-derived compounds into value-added platform chemicals (Albonetti et al., 2015; Elliott et al., 2015; Huang et al., 2018; Zhang and Huber, 2018). Figure 5 shows that a wide variety of commodity platform chemicals can be produced from the catalytic oxidation of cellulose or carbohydrate-derived compounds.
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FIGURE 5. Chemicals produced by oxidation of glucose and glucose-derived molecules. Used with permission of Royal Society of Chemistry, from Zhang and Huber (2018); permission conveyed through Copyright Clearance Center, Inc.



Direct Catalytic Conversion of Cellulose Into HFM

The necessary path of conversion from biomass into platform chemicals is cellulose hydrolysis and monosaccharide oxidation (Deng et al., 2014). It basically requires two steps: the acid-catalyzed hydrolysis of carbohydrates (cellulose or lignocellulose) into monosaccharides (glucose or xylose) and the oxidative cleavage of C–C bonds in monosaccharides into organic acid (Wang et al., 2018).

For the first step, liquid acid like sulfuric acid and hydrochloric acid was widely applied in the hydrolysis conversion of cellulose due to its high catalytic activity, acid strength, hydrogen ion releasing efficiency, and lower cost (Liu et al., 2013; Su et al., 2018). However, compared with liquid acid, solid acid has many advantages: (1) easy in separation and purification of the products; (2) stable catalysis effect under high temperature; and (3) aerobic oxidation can be controlled by the modified surface functional group of solid acid (Zhang and Zhao, 2009; Rinaldi et al., 2010). Yang and Pan (2016) found that a functional mesoporous polymeric catalyst bearing boronic acid as cellulose-binding groups and sulfonic acid as cellulose-hydrolytic groups was prepared, resulting in an excellent hydrolysis performance.

For monosaccharide oxidation, different oxidation degree has an essential influence on oxidation productions. Over-oxidation of glucose and xylose will lead to the complete combustion of monosaccharide to water and CO2, which are the thermodynamically favored products (Gliozzi et al., 2014). Thus, it is of critical importance that the selected catalyst systems control the degree of the reaction oxidation.

Hence, suitably functional catalysts combining both metal and acidic sites are necessary to combine the hydrolysis with oxidation steps into a one-pot reaction that converted polysaccharides into platform chemicals. The oxidative cleavage of C–C bonds is usually activated by metal catalysts. Polyoxometalates (POMs) with a formula of H3nPVnMo12nO40 (HPA) contains Vanadium(V), which has acid sites that are considered as one effective catalysis for organic acid production from biomass with O2 (Wolfel et al., 2011). Zhang investigated a temperature-responsive heteropolyacid (H2PW12O40) catalyst. It was prepared by H3PW12O40 and choline chloride (ChCl) as catalysis-based material. And 75.0% HMF yield and 87.0% cellulose conversion were achieved under the condition of 140°C for 8 h in biphasic solvent system H2O and methyl isobutyl ketone (MIBK) (H2O/MIBK=1) in the one-pot transformation of cellulose to HMF (Teong et al., 2014). By contrast, with the homogeneous H3PW12O40, the excellent HMF yield may result from the higher Brønsted acidity (Choudhary et al., 2012). Li reported an Nb/carbon catalyst (Nb/C-50, 50 wt% of Nb2O5) prepared from niobium tartrate (Nb2O5) and glucose as raw materials via carbonization. The conversion of cellulose into HMF would increase by 77.8% from 53.3% in the THF/H2O system at 170°C for 8 h (Li et al., 2012).



Selective Oxidation of HMF Into FDCA

HMF is regarded as a versatile platform compound and an intermediary that connects biomass resources and petrochemical industry (Zhang et al., 2015). It is a renewable furan chemical, which is produced from the dehydration of C6 carbohydrates. Except for its high value, HMF can be further transformed into diverse high-quality fuels such as C9-C15 alkanes and many oxidized furan chemicals (Wu et al., 2014; Zhang and Deng, 2015; Kang et al., 2019). For example, FDCA can take the place of the fossil resource (p-xylene), which was used for producing the polyesters. Currently, 98% of p-xylene produced was used as a raw material for the production of terephthalic acid, a monomer for polyethylene terephthalate (PET). PET is the fundamental material for the production of fibers, films, containers, packaging materials, molded articles, and household consumable goods (Zakrzewska et al., 2010; Fang et al., 2016).



Noble Metal Catalysts

Metal is favored for the conversion of HMF to FDCA during the catalysis reaction. Noble metal catalysts offer an empty electron orbital, narrow level spacing, and diversity of coordination modes that can receive an electron pair from the reactants. The transfer of an electron pair results in bond weakening. These are the active sites for the reaction that is conducive to the adsorption of reactants on the catalysts. Gold-based catalysts were widely studied with different supports, and their reactivity was described as depending on the structure of the catalyst and the ratio of the gold nanoparticles with other metals or support (Jeong et al., 2015; Carrillo et al., 2018).

Oxidation of HMF in the presence of Ru catalysts and in the absence of base was found to be quantitative under moderate conditions. Different Ru catalysts were introduced with different supports, though some of them were not of much use because of metal leaching problems (Romero et al., 2016).

The oxidation conversion of HMF into FDCA has mainly performed over noble metal (Pd, Pt, and Au) catalysts in an alkaline solution (Table 1). Single gold metal, though has an effective increase in the ratio of conversion, cannot totally convert HMF into FDCA. As Figure 6 shows, catalyst support was regarded as one oxygen pump by releasing and adsorbing the oxidizing species through the change of valence states during the redox process. And the molecular O2 was activated by the Au and promoted the formation of the carboxyl by releasing OH− (Chen et al., 2013).


Table 1. Several catalysts for the oxidation of HMF into FDCA.
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FIGURE 6. Possible reaction mechanism for oxidation of HMF to FDCA with the Au catalyst (take Au@CeO2 as an example). Used with permission of Royal Society of Chemistry, from Li Q. Q. et al. (2019) permission conveyed through Copyright Clearance Center, Inc.


The Au/C catalysts can increase the yield of FDCA by 72% (Table 1, No. 1) (Davis et al., 2011). A different shape of the supporter has different catalysis efficiency. When TiO2 was used for supporting the Au as the catalyst, the yield of FDCA can reach up to 79% (Table 1, No. 2) (Cai et al., 2013). When gold metal added another kind of metal, the conversion ratio and yield reached above 94% (Davis et al., 2012). When support was changed by CeO2, the 90% yield was obtained after 4 h at 443 K under 20 bar O2, 4 equiv. (Li Q. Q. et al., 2019), NaOH condition (Table 1, No. 4). Adjustment of the molar ratio Au/Cu=1 in the Au-Cu/TiO2 catalyst is done by the immersion method. This kind of doping metal catalysis showed the highest catalytic activity, which has achieved a 99% FDCA yield at 368 K and 10 bar O2 (Table 1, No. 5) (Wan et al., 2014). This catalyst was stable without treating the leaching and aggregation for the metal nanoparticles. Two kinds of noble metal can be one step closer to increasing catalysis efficiency. Supported bimetallic Au–Pd catalysts appeared to have better catalytic performance than single Au catalysts (Villa et al., 2013). For example, an FDCA yield of 99% was produced after 4 h at 333 K over the Au8-Pd2/C catalyst (Table 1, No. 6). The Au8-Pd2/C catalyst could be reused for five runs with the FDCA yield remaining at 99% (Villa et al., 2013). In most cases, the oxidation of HMF into FDCA over Au catalysts was performed by the use of an excessive base.

The other important noble metal is Pt, and its catalysts are the subject of many theoretical, experimental, and industrial oxidation studies. Compared with Au, Pt has a higher yield of FDCA with the same C catalysis supporter under the same reaction condition. Verdeguer et al. (1994) studied Pt/C catalysts and the yield of FDCA was increased by 81% with full HMF conversion after 2 h at 25°C (Table 1, No. 7). The FDCA yield increased to 99% over a Pt-Pb/C catalyst. Kinetic studies showed that the first step was the oxidation of the formyl group, and then the hydroxymethyl group followed up. After 2 h at 25°C under 10 bar O2, the HMF was fully converted by Pt-Pd/C catalysts. However, the FDCA yield was 99% for Pt-Pd/C catalysts (Davis et al., 2012; Han X. W. et al., 2016). It means that the addition of Pd largely increased the catalysis reaction. Davis et al. (2011) reported the catalytic performance of Pt/C, Pd/C, and Au/C catalysts for HMF oxidation in 0.3 M NaOH solution at 23°C and 6.90 bar O2 pressure. The HMF conversion reached 100% after 6 h for these catalysts with FDCA and 5-hydroxymethyl-furan-2-carboxylic acid (HFCA) as the oxidation products. The yields of FDCA were 79% and 71% for Pt/C and Pd/C catalysts, respectively (Table 1, No. 7 and No. 11) (Han X. W. et al., 2016). However, because of the different reaction mechanisms, Au/C only has a 7% yield (Table 1, No. 1). Han X. W. et al. (2016) also investigated the Pt/C catalyst, with N doping in the Pt/C-EDA-4.1 catalyst showing the highest activity in the oxidation of HMF to FDCA, and as high as 96% FDCA was obtained under optimal reaction conditions (110 °C, 1.0 MPa O2, 12 h). With the addition of other noble metal, the yield of FDCA can be further increased by 99% for the Pt-Pd/C catalyst (Table 1, No. 8) (Davis et al., 2012). Besides the C catalyst supporter, reduced graphene oxide (RGO) was also used to stabilize Pt nanoparticles (Pt/RGO) for the oxidation of HMF at 25°C (Table 1, No. 10). FDCA was produced with a yield of 84%, while HFCA was produced with a yield of 16% by the Pt/RGO catalyst after 24 h under 10 bar O2 pressure (Negoi et al., 2014). The Pt/RGO catalyst efficiency was reused with 100% HMF conversion in each run. However, the FDCA yield showed a slight decrease with a slight increase in the HFCA yield. Several kinds of Pd catalysts were also active for the oxidation of HMF into FDCA. There was full HMF conversion in each run, but the FDCA yield decreased by 53% for Pd/TiO2 catalysis (Table 1, No.1 2) (Siyo et al., 2014). The Pd/HT catalyst also has a bond between Mg and metal with basic support, which was also active for the oxidation reaction of HMF into FDCA (Table 1, No. 13) (Liu et al., 2000). The yield of FDCA could reach up to 99% in water after 7 h at 100°C. And it has stable catalysis efficiency after the fourth run. There was only a slight decrease in the FDCA yield after the fifth run, while there was full HMF conversion over the Pd/HT catalyst.


Non-noble Metal Catalysts

Non-noble metallic oxides (such as Mn, Fe, Co, and Ni) (Jiang et al., 2016; You et al., 2016, 2017; Schade et al., 2018) have been developed to produce FDCA. A 90% FDCA yield, nearly 100% faradaic efficiency, and robust stability were achieved for NiCo2O4 nanowires (Gao et al., 2018). The non-noble metal (Fe–Zr–O) as a catalyst was used in [Bmim]Cl solvent for the conversion of fructose into HMF. And the formed HMF in the same reactor was further oxidized into FDCA. Under the one-pot conditions, an FDCA yield of 46.4% was obtained with fructose conversion of 100%. The potassium ferrate (K2FeO4) catalysis was employed, and a maximum of FDCA yield (48.3%) could be obtained under optimal reaction conditions (Zhang et al., 2015). Photocatalysis processes were usually used for improving the catalytic oxidation; CoPz/g-C3N4 is a highly efficient photocatalyst for the aerobic oxidation of HMF to FDCA under sunlight using air as an oxidant. As Figure 7 shows, the photocatalyst mechanism significantly enhanced the catalytic performance by activating O2 to 1O2 on the surface of CoPz and then selectively oxidized HMF into FDCA by the release of energy. Mn/N co-doped carbon supported Co catalysts from Co/Mn-lignin complexes, which exhibited excellent performance for aerobic oxidation of HMF to FDCA in water. After six times of use, the HMF conversion and FDCA yield are still 99.5 and 92.7% (Xu et al., 2017; Zhou et al., 2019).


[image: Figure 7]
FIGURE 7. Possible mechanism of the photocatalytic oxidation of HMF into FDCA with the CoPz/g-C3N4 catalyst. Reprinted with permission from Xu et al. (2017) American Chemical Society.


Although many catalysts were developed, some internal disadvantages include high cost of noble metal catalysts, high energy consumption (because of the high reaction temperatures), and high oxygen pressures, and the requirement for the excessive base has been made up. Therefore, developing routes for the selective oxidation of HMF into FDCA under mild conditions is an important challenge. The design of effective, inexpensive, and nonprecious metal-based heterogeneous catalysts for selective HMF oxidation is still a challenge and is of enormous demand.





OTHER REACTIONS

Although the most studied conversions of biomass platform chemicals are the focus on the above reactions, there are other several important reactions of biomass platform chemicals to fine chemicals. Depending on the different types of products, various processes, involving the precise cutting of different C–C bonds, are needed. Common types of reactions include isomerization, reforming, ketonization, or aldol condensation. In this section, recent advances of those reactions in the aqueous phase are discussed.


Isomerization

Because of the outstanding dehydration performance and subsequent utilization of ketose, the isomerization between aldose and ketose is an important research direction in the aqueous-phase conversion of biomass platform chemicals. In the production process of HMF or LA from cellulose, it has been proved that the dehydration of fructose (Figure 8) is much easier than the dehydration of glucose (Kang et al., 2018), and the isomerization is considered as the limiting step (Garces et al., 2019); therefore, improving the conversion and selectivity of the isomerization of glucose to fructose is a very important case for the utilization of these kinds of biobased chemicals.


[image: Figure 8]
FIGURE 8. General process of LA production from cellulose. Used with permission of Royal Society of Chemistry, from Takagaki et al. (2009); permission conveyed through Copyright Clearance Center, Inc.


The isomerization process of glucose to fructose can be accelerated by three types of catalysts, i.e., enzyme, base, and Lewis acid (Garces et al., 2019). Cordon et al. (2019) synthesized several hydrophobic Sn-Beta-F and hydrophilic Sn-Beta-OH catalysts and suggested that Sn-Beta-F can be activated first upon water exposure and then deactivated after 24 h. The characterization showed that the conversion of hydrophobic siloxane linkages into hydrophilic silanol defects within microporous voids led to the deactivation of Sn-Beta-F. They also suggested that the hydrogen-bonded networks formed by waters can confer the stability of the transition states and increase the conversion rates. Besides, they also suggested that the hydrolysis of the catalyst framework will lead to an increase in the hydrophilicity of its surface, which can decrease the isomerization conversion and the catalytic lifetime of the catalyst.

Relatively, Souzanchi et al. (2019) studied a series of solid base catalysts. The most active catalyst, MgO, showed 36.3% conversion of glucose and 22.8% yield of fructose at 100°C. Olson et al. (2019) using imogolite nanotubes, a naturally occurring aluminosilicate nanotube, as an isomerization catalyst achieved the highest conversion of 30% and selectivity of 45%. It can be seen that heterogeneous catalysts applied for the isomerization of glucose to fructose have obtained no perfect results and still need further research. To solve this, Garces et al. (2019) combined homogeneous and heterogeneous catalysts; the existence of Brønsted acids promoted the dehydration of fructose. That set up another approach since fructose is not the final product, and there is no need to be confined to the isomerization; combining several steps might have a better effect.



Reforming

The aqueous-phase reforming (APR) reaction is an environmentally green process to convert polyols into H2 and alkanes or CO2 (Bastan et al., 2017). As a by-product of biodiesel production, the APR of glycerol is now an active area of research (Bastan et al., 2017); the main product is hydrogen. The APR process includes two main reactions: C–C cleavage (1) and water–gas shift (WGS) (2) (Guo et al., 2012).
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An ideal catalyst should be active both for these two reactions and should prevent the cleavage of C–O. VIII group metal catalysts, like Ni, Pd, and Pt, are commonly used. In recent studies, it has been shown that Pt-based catalysts have a high effect of hydrogen production (Callison et al., 2018), and γ-Al2O3 support showed a higher H2 producing rate than SiO2, TiO2, and CeO2 (Guo et al., 2012). Callison et al. (2018) used a Pt/Al2O3 catalyst to produce hydrogen or 1,2-propanediol. They discovered that the Pt particle size and the catalytic sites, such as the edge or the facet sites of Pt particles, can greatly affect the activity and selectivity of APR reaction. With Pt particle size in the range of 2–3.6 nm, even a slight change of Pt particle size can significantly affect the activity and selectivity of products. This phenomenon can be explained by surface chemistry: the edge sites like Pt (100), which are responsible for the dehydrogenation of glycerol, exist more on small Pt particles, and with the reaction proceeding, the edge sites decreased. In comparison, facet sites, such as Pt (111), are responsible for the dehydration of glycerol and tend to produce liquid products. This discovery suggests that the APR reaction or the competition between APR and dehydration not only depends on the species of the catalyst but also is very sensitive to the surface morphology and the particle size.

Besides, Ni-based catalysts have attracted attention because of the low price and high activity in C–C scission (Morales-Marin et al., 2019). Morales-Marin et al. (2019) synthesized a nickel aluminate spinel by co-precipitation, and the reduction temperature of calcination was investigated, which indicated that the spinel structure is very stable. However, it was also found that hydrogen treatment could increase the density of medium-strength acid and basic sites, but could reduce the weak and strong sites that are both acid and basic. The reaction network comprises two routes as shown in Figure 9 (Morales-Marin et al., 2019), dehydrogenation (route A) and dehydration (route B), corresponding to the cleavage of C–C or C–O, respectively. Dehydrogenation requires metal sites, and dehydration requires acid sites. Analysis of the products indicated that the selectivity depended on the partial pressure of hydrogen, including the in situ formation of H2 by route A. The result showed that catalysts reduced at the highest temperatures produced the largest yield of H2, because of the preponderance of the activity of metal sites with respect to the activity of acid sites.


[image: Figure 9]
FIGURE 9. Reaction network for the glycerol APR on nickel catalysts. Reprinted from Morales-Marin et al. (2019), with permission from Elsevier.


As shown in Figure 9, the APR process can also produce small chain alkanes, like methane or ethane. These products also have application foreground and research value. Bastan et al. (2017) used Ni/CexZr1−xO2 to produce alkane. The XRD results showed that the support exists in a mixed-oxide form, and catalytic tests showed the catalytic performance of the catalyst related to the Ce/Zr atomic ratio. For the best performance achieved by 10% Ni/Ce0.3Zr0.7O2, it can produce 99% gas-phase production, with the selectivity of H2 and alkanes by 45 and 40%, respectively. This catalyst changes CO2 into alkanes while maintaining the H2 yield; further research might also focus on the conversion of other valuable chemicals.



Ketonization

Biobased chemicals are mostly composed of oxygenated compounds like alcohols, aldehydes, ketones, carboxylic acids, and aromatics. Take the hydrothermal liquefaction products of algae as an example; nearly 35% of total energy of the raw biomass and many other organic carbons have remained in the aqueous-phase product (Wu et al., 2017a). Acetic acid accounts for a large proportion, about 50% of the organic compounds in the aqueous phase. There is also a large amount of acetic acid that remained in the product of other biomass through thermochemical conversion (Wu et al., 2017a). Therefore, it is necessary to transform the biological acetic acid in the aqueous phase, which can significantly improve the utilization efficiency of algae, lignocellulosic, or other biomass resources. These molecules can be converted to ketones through ketonization and produce hydrocarbons that have a longer chain in the subsequent reaction. As reviewed by Kumar et al. (2018), the ketonization activity of carboxylic acid, aldehydes, alcohols, and esters was compared and sorted: carboxylic acid > aldehyde > alcohol > ester. The kinetically favored mechanism of carboxylic acid ketonization is the β-ketoacid route in Figure 10. The ketonization mechanism of other oxygenated compounds is not clear, but it was accepted that surface carboxylate intermediates are formed through an oxidation process under most conditions.


[image: Figure 10]
FIGURE 10. β-ketoacid route of acetic acid ketonization. Reprinted from Kumar et al. (2018), with permission from Elsevier.


Among ketonization of various oxygenated biomass chemicals, acetic acid is one of the most studied, and Zr-based catalysts are considered to be the most efficient. Wu et al. (2017a) synthesized a ZrMn0.5Ox catalyst, which showed the highest ketonization activity of 88.27% yield of acetone. It was found that Mn can easily form manganese carboxylate with the acetic acid, thus stabilizing the adsorption of acetic acid on the catalyst surface (Figure 11). The acid sites strongly affect the catalytic performance, so that the tetragonal ZrO2 phase, which was always accompanied by high acid property, was the main active phase. They also suggested two different mechanisms of deactivation, the leaching of Mn and the transformation from tetragonal ZrO2 to monoclinic ZrO2 (Figure 11).


[image: Figure 11]
FIGURE 11. Aqueous-phase ketonization and deactivation process on tetragonal (011) facet of (A) ZrMnyOx (y≥0.2) and (B) ZrMn0Ox catalysts. Reprinted from Wu et al. (2017a), with permission from Wiley.


Cai et al. (2018) studied the ketonization of acetic acid over a monoclinic ZrO2 catalyst by ab initio molecular dynamics (AIMD) simulations and density functional theory (DFT) calculations. Compared with vapor phase ketonization, water molecules showed both positive and negative effects on the reaction. On the one hand, water molecules hindered the reaction by blocking active sites or keeping acetic acid solvated through hydrogen bonds. On the other hand, it accelerated the proton transfer through the hydrogen-bonded water network and enhanced the protonation process. They identified an alternative mechanism that was more energetically favorable for the C–C bond formation; however, the α-hydrogen abstraction elementary step had high activation energy.

Because water has a blocking effect on the active site of the catalysts, the hydrophobic treatment of the catalyst surface can reduce the negative effect of water to a certain extent. Wu et al. (2017b) synthesized a series of highly carbonized ZrO2 catalysts. As shown in Figure 12, the carbon species in carbonized catalysts reduced the crystallite size of ZrO2 and improved the surface hydrophobicity, which can enrich the acetic acid on the catalyst surface and weaken the water adsorption, resulting in high ketonization activity. The leaching of carbon and the transformation of the crystal phase of ZrO2 are still the key factors of the catalyst deactivation, which is the direction of the improvement of heterogeneous catalysts for aqueous-phase ketonization.


[image: Figure 12]
FIGURE 12. Comparison between the surface of high carbonized ZrO2 catalysts and conventional catalysts. Reprinted with permission from Wu et al. (2017b); American Chemical Society.


In summary, there have been studies on the mechanism of oxygenated biomass chemical ketonization and some mechanisms have been widely accepted, but decisive evidence is still needed. Water phase transformation has been proved to have certain advantages; research on this has long-term significance for the utilization of biobased chemicals.



Aldol Condensation

As mentioned above, ketonization and subsequent aldol condensation are a possible pathway to convert short-chain biomass platform chemicals into long-chain liquid hydrocarbon fuels or value-added chemicals. Although there are several ways to upgrade the primary biomass, the advantage of condensation is low carbon loss and by-product generation. As an important part of C–C bond formation and carbon chain growth, aldol condensation is usually catalyzed by alkaline catalysts (Chheda and Dumesic, 2007), ion-exchanged resins, or zeolites, and because of the high reactivity of aldehydes and ketones, the fractional aldol condensation is not easy to achieve, which makes the aldol condensation of stable platform chemicals very unique (Wu L. P. et al., 2016). Because of this, the aldol condensation of ketones with furfural or HMF has been extensively studied. Faba et al. (2012) studied the aldol condensation of HMF and acetone using MgAl and MgZr mixed oxide catalysts. The results showed that the ratio of medium-strength acid and basic sites can strongly affect the catalytic activity. The results suggested that C9 and C15 products are observed, and the selectivity of the C15 product decreased with the rise of conversion.

The aldol condensation mechanism of acetone and 5-HMF using MgAl and MgZr mixed oxide catalysts in the aqueous phase is studied by Cueto et al. (2017). As shown in Figure 13, a proton from acetone is first abstracted, and then attacks the carbonyl group of the HMF molecule (Cueto et al., 2017). The results also explained the selectivity of C9 and C15 varying with the conversion. A second aldolization of the C9 adduct can occur, as the C9 adduct still has an α-proton, but the large difference of activation energies between C6-, C9-, and C15-based reactions led to the selectivity difference with temperature and the total conversion.
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FIGURE 13. The aldol condensation mechanism of HMF and acetone. Reprinted from Cueto et al. (2017), with permission from Elsevier.


Because C5 or C6 alkanes are difficult to be used as fuels due to the short carbon chain, the aqueous-phase aldol condensation is a promising route to convert C5 or C6 sugars that are directly produced from cellulose and hemicellulose as usable biofuels. However, there are not many studies about the application of these compounds in fuel manufacturing, which may be related to the relative value between fuels and chemicals. Though the direct pyrolysis or hydrothermal liquefaction of raw biomass as biofuels may be more competitive at present, it is undeniable that the aldol condensation of C5 or C6 platform chemicals has opened up a potential application route of upgrading the value of biomass and producing specific chemicals from biomass.




SUMMARY AND OUTLOOK

The aqueous-phase conversion of biomass platform chemicals over heterogeneous catalysts offers economic and environmental benefits to produce valuable chemicals from biomass. Besides, with water as a solvent, the principles of green chemistry are better embodied in terms of the reaction and separation processes. In this review, typical reactions such as dehydration, hydrogenation, oxidation, isomerization, reforming, ketonization, and aldol condensation have been introduced for a general conversion process of biomass. However, aqueous-phase catalytic conversion of biomass still faces many problems to be solved, and advances in the catalysts or the reactions themselves are still developing.


Reaction Mechanisms and Kinetics

In the research of improving the conversion processes and catalysts, the reaction mechanisms are fundamentally needed. Compared with the complicated reaction system of the thermochemical conversion process of biomass to bio-oil, such as hydrothermal liquefaction or pyrolysis of the macromolecular biomass, the reaction mechanisms of conversions of biomass platform chemicals are quite simple. Despite this, catalysts with the same function may produce different products under different conditions. Taking the hydrogenation of furfural as an example, because of its high unsaturation, precise hydrogenation is not so easy to achieve, which makes it difficult to obtain a desirable product with high selectivity. Therefore, the precise regulation of products requires a better understanding of reaction mechanisms and kinetics. In recent years, in combination with the developing technical means, some breakthroughs have been made in the mechanism of many reactions. The common method is to combine kinetic studies with DFT calculation or isotopic labeling (Gilkey et al., 2015). The reaction order can be calculated by controlling the reaction time in a short time, which can reflect the participation level of various species in the reaction system and is helpful in inferring the reaction mechanism. DFT calculation can be used to calculate the energy of each transition state, judge the adsorption mode, and determine the pathway of the reaction process. Isotopic labeling can determine the transfer pathway of a certain kind of atom; e.g., using labeled hydrogen donor can track the hydrogen transfer during the hydrogenation step. In particular, the formation and fracture of chemical bonds and the sequence of competitive reactions can also be observed by labeling the atom in a specific site. However, the case in the aqueous phase is complicated, especially the influence of hydrogen bond and the fast proton exchange; studies are still needed at present, and further research on the mechanisms and kinetics of the reaction pathways will contribute to the development of this field.



Catalysts Development

Hydrothermal stability is an eternal topic of heterogeneous catalysts in aqueous-phase conversion. The deactivation caused by structural damage or leaching of active components of catalyst pores is the main problem restricting the lifetime of catalysts. Previous efforts have been made in the past few years so that some catalysts with high hydrothermal stability have been formed. The treatment that has been reported to increase the hydrothermal stability of the heterogeneous catalysts includes doping heteroatoms, surface modification, and coating. In recent researches, most catalysts can be recycled, and no significant decrease in activity was observed in more than five times. This is a preliminary attempt at industrial application; the development of water-resistant catalysts with high activity and long-life cycle can be anticipated in the future. In addition, noble metal catalysts once had overwhelming efficiency advantages, but with the general increase in the yield led by the development of new catalysts, this advantage is no longer so obvious in some reactions. On the contrary, the expensive price is more prominent. Therefore, how to show its superiority in other aspects is important. The advantage may be reflected in a lower load and more mild reaction conditions. There is no doubt that all kinds of catalysts are still developing, and the criteria for evaluating the quality of catalysts are also diversified. It will be more and more difficult to make progress on the catalyst that is much better than the existing catalysts in all aspects. In the future, it might be a better way to select catalysts based on appropriate objectives.



Economic Performance

Despite the fact that research on biomass aqueous-phase conversion to high value-added chemicals has shown environmental advantages, the economic feasibility is also one of the factors that ultimately affect the industrialization of it. In other words, if the existing technology cannot reflect economic advantages, its implementation will not be easy. Considering that higher heat capacity and more corrosiveness of water in contrast with traditional non-polar organic solvents like dioxane mean higher heating and equipment costs are needed, more researches of economic feasibility are still needed. In fact, that is not just a matter of cost and benefit; considering the transformation from the traditional petroleum-based industry, more social backgrounds need to be considered, which involves the formulation of relevant standards or the implementation of policies. It is not a chemistry or chemical engineering problem, but a socioeconomic problem. To solve this, research from a wider field is needed.



Product Selection

Although the conversion of biomass as bio-oil is not covered in this article, bio-oil is also widely expected as a promising alternative energy. In fact, compared with the demand for high value-added chemicals, the demand for fuel is ever greater in human society. In other words, some biobased products will have a greater market and strategic significance as fuels. But on the other hand, because the petroleum industry has already had a very mature production process, the price of biobased fuels maybe not as high as that of chemicals at present. The combination of the production of high value-added chemicals with biobased fuels that have a large market and strategy can better reflect the value of biomass in both economic and strategic aspects. For these reasons, some more macroanalysis needs to be made in order to give a better guiding significance for the selection of utilizing route for biomass resources.

In this work, a series of aqueous-phase heterogeneous catalytic conversions of biomass platform molecules have been introduced, and the reaction mechanisms and signs of progress of catalysts have been highlighted. We hope readers can have a broad understanding of this promising field and be able to get guidance and technical support.
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The role of bio- and chemo-catalytic aerobic oxidations in the production of commodity chemicals in a bio-refinery is reviewed. The situation is fundamentally different to that in a petrochemicals refinery where the feedstocks are gaseous or liquid hydrocarbons that are oxidized at elevated temperatures in the vapor or liquid phase under solvent-free conditions. In contrast, the feedstocks in a biorefinery are carbohydrates that are water soluble solids and their conversion will largely involve aerobic oxidations of hydroxyl functional groups in water as the solvent under relatively mild conditions of temperature and pressure. This will require the development and use of cost-effective and environmentally attractive processes using both chemo- and biocatalytic methods for alcohols and polyols.
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INTRODUCTION

One of the grand challenges of the twenty-first century is the implementation of the transition from an unsustainable economy based on fossil resources–oil, coal, and natural gas—to a sustainable, carbon-neutral economy based on the use of renewable biomass. This switch to a so-called bio-based economy is urgently required in order to mitigate global warming caused by increasing carbon dioxide emissions to the atmosphere. First generation (1G) renewable raw materials, exemplified by corn starch, sugar cane, and sugar beet, are not perceived as sustainable options in the long term as their utilization involves, directly, or indirectly, competition with food production. In contrast, the use of second generation (2G) renewable biomass, in the form of waste polysaccharides, such as lignocellulose (Liguori and Faraco, 2016; Zhang et al., 2017) and pectin, from agricultural and forestry residues and food supply chain waste (Dahiya et al., 2018), is perceived as a sustainable long term option for producing biofuels and commodity chemicals (Sheldon, 2014, 2016, 2018; Horváth et al., 2017). Looking further afield, third generation (3G) aquatic biomass, such as micro- and macro-algae and cyanobacteria, has additional advantages (John et al., 2011; Al Abdallah et al., 2016; Shuba and Kifle, 2018). For example, there is no requirement for arable land and fresh water for their production and they have much higher growth rates than terrestrial plants. On the other hand, there are substantial technical problems associated with their production and conversion which, in the short term, represent a significant hurdle to be overcome for commercial viability.



CARBOHYDRATES TO COMMODITY CHEMICALS IN A BIOREFINERY

In a petrochemical refinery the basic chemicals are lower olefins (ethylene, propylene, and butenes) and aromatics (BTX: benzene, toluene, and xylenes), together with carbon monoxide and hydrogen (syn gas). The hydrocarbons are gases or hydrophobic liquids. They are converted with petrochemical catalytic technologies, particularly catalytic oxidation with dioxygen, to a variety of commodity chemicals, usually in solvent-free systems. In contrast, the basic chemicals in a bio-refinery will be C6 and C5 sugars produced by hydrolysis of polysaccharide feedstocks, and/or syn gas produced by their gasification. The carbohydrates are hydrophilic, water soluble solids. Several scenarios can be envisaged for further conversion to commodity chemicals (Figure 1):

(i) Syn gas could be converted to commodity chemicals by applying existing catalytic technologies used in petrochemical refineries or by fermentation (Phillips et al., 2017; Asimakopoulos et al., 2018).

(ii) Monosaccharides such as glucose could be converted to a variety of lower alcohols, diols, carboxylic acids, and dicarboxylic acids by fermentation. Indeed, fermentation is already the commercially most viable route to many of these products with lactic acid, 1,3-propane diol and 1,4-butane diol as prominent examples.

(iii) Bioethanol, produced as a carbon neutral fuel, could be converted to ethylene and a variety of other products using established technologies (see Figure 1), including catalytic aerobic oxidations.

(iv) Chemo- or bio-catalytic conversion of monosaccharides, such as glucose, to commodity chemicals will require in many cases removal of oxygen, by hydrogenolysis and/or dehydration. Catalytic oxidations in a biorefinery involve oxidation of alcoholic OH groups in monosaccharides, or even the polysaccharide precursors, or their downstream products and further oxidation of the resulting carbonyl compounds.


[image: Figure 1]
FIGURE 1. Conversion of polysaccharides to biofuels and commodity chemicals in a biorefinery.




CATALYTIC OXIDATIONS

A key reaction in organic synthesis is the oxidation of primary and secondary alcohols to give the corresponding aldehydes or carboxylic acids and ketones, respectively. Traditionally these transformations were performed with stoichiometric quantities of inorganic oxidants, notably chromium (VI) compounds such as the Jones reagent (CrO3 and sulfuric acid). However, such procedures are not atom efficient and lead to the formation of copious amounts of toxic, chromium-containing waste, i.e., high E factors and problematic waste disposal issues. Consequently, in the last two decades such methods have been increasingly replaced by atom efficient catalytic alternatives involving dioxygen or hydrogen peroxide as the terminal oxidant.

Interestingly, the history of catalytic oxidations of carbohydrates (Arts et al., 1997) predates the oxidations of lower olefins and aromatics that form the basis of the petrochemical industry. The aerobic oxidation of mannose over a platinum black catalyst, for example, dates from 1861 (von Gorup-Besanez, 1861) and many supported noble metal catalyzed aerobic oxidations of carbohydrates were developed in the first half of the last century. At the turn of the century, we developed an aqueous biphasic system for the aerobic oxidation of primary and secondary alcohols to the corresponding aldehydes and ketones, respectively, in a solvent free system using a water-soluble palladium complex of bathophenanthroline (ten Brink et al., 2000). This system could also be effective in the aerobic oxidation of water soluble alcohols, including carbohydrates. Indeed, there are many examples of the aerobic oxidation of alcohols catalyzed by precious metals such as palladium, platinum and gold (Stahl, 2004; Parmaggiani and Cardona, 2012). However, in the context of the conversion of carbohydrates to large volume, low-priced commodity chemicals, precious metals such as palladium have the disadvantage that the future availability of these scarce, “endangered elements” at cost-effective prices is rather unpredictable. Indeed, in contrast to most materials, their price tends to increase with increasing usage. Another disadvantage of noble metal catalyzed oxidations is their functional group intolerance. First row, more earth abundant metals tend to be more functional group tolerant.

Consequently, alternative methods have been developed that use “earth abundant” metals, such as copper and iron, as catalysts. One method with broad applications in the selective oxidation of primary alcohols to aldehydes, even in the presence of secondary alcohols, involves the combination of a Cu(II)-bipyridine (Cu-bpy) complex with a base, such as potassium hydroxide, a stable nitroxyl radical, exemplified by 2,2,6,6-tetramethyl-1-piperidine-N-oxyl (TEMPO) and its derivatives, at ambient temperature with air in aqueous acetonitrile (Figure 2; Gamez et al., 2003; Sheldon and Arends, 2004; Marais and Swarts, 2019). The generally accepted mechanism involves as the key, rate determining step, abstraction of a hydrogen atom from an alkoxide ligand by a coordinated nitroxyl radical analogous to that involved in the aerobic oxidation of primary alcohols catalyzed by the copper-dependent oxidase, galactose oxidase (Dijksman et al., 2003). An improved procedure, using Cu(I) salts with TEMPO and bipy in combination with N-methylimidazole as a base in acetonitrile as solvent was subsequently described by Stahl and coworkers (Hoover and Stahl, 2011). Furthermore, extensive mechanistic studies confirmed the copper-centered galactose oxidase-like mechanism for these systems (Geiβlmeir et al., 2005; Hoover et al., 2013).


[image: Figure 2]
FIGURE 2. Aerobic oxidation of primary alcohols catalyzed by Cu/TEMPO.


The lack of reactivity of secondary alcohols was attributed to steric hindrance in the abstraction of an α-hydrogen atom from a coordinated alkoxide by a coordinated TEMPO ligand. Consequently, the use of sterically less hindered nitroxyl radicals such as AZADO and ABNO, respectively, in combination with Cu(I) complexes, were developed by the groups of Iwabuchi (Shibuya et al., 2006, 2011; Iwabuchi, 2013) and Stahl (Steves and Stahl, 2013), for the aerobic oxidation of secondary alcohols (Figure 3), including sterically demanding alcohols such as menthol and a variety of unprotected amino alcohols (Sasano et al., 2014).


[image: Figure 3]
FIGURE 3. Catalytic aerobic oxidation of secondary alcohols with Cu (I)/nitroxyl catalysts.


More recently, Ma and coworkers reported the use of an Fe(III)/4-hydroxyTEMPO/NaCl combination as a catalyst for the aerobic oxidation of both primary and secondary alcohols (Jiang et al., 2016, 2019). Other metals, including manganese, cobalt and vanadium, have also been used in combination with nitroxyl radicals (Cao et al., 2014) Transition metal free nitroxyl systems have also been described, usually involving nitrogen dioxide as the active co-catalyst. The commercially most attractive source of the NO2 cocatalyst is nitric acid (Kuang et al., 2010). For example, nitric acid or NaNO2 or a mixture of both was used, in combination with ABNO or keto-ABNO, for the selective aerobic oxidation of secondary alcohols (Figure 4; Lauber and Stahl, 2013). Interestingly, the combination of nitric acid and NaNO2 catalyzes the aerobic oxidation of alcohols even in the absence of a stable nitroxyl radical. The reaction involves an alkyl nitrite intermediate which decomposes to the carbonyl compound and HNO which is reoxidized by dioxygen (Aellig et al., 2011). Unfortunately, the greenhouse gas, nitrous oxide (N2O), can be irreversibly formed as a byproduct.


[image: Figure 4]
FIGURE 4. Nitric acid catalyzed aerobic oxidation of alcohols.




CATALYTIC OXIDATIONS IN A BIO-BASED ECONOMY

Although these various nitroxyl radical-based catalysts have been widely used in the aerobic oxidations of alcohols they have generally involved relatively simple primary and secondary alcohols in organic solvents, sometimes mixed with water. This was done with the development of green syntheses of, for example, active pharmaceutical ingredients (APIs) and flavors and fragrances, in mind. However, in a bio-based economy it is of interest to use these methodologies in the selective oxidation of renewable carbohydrates or key alcohols, diols, and polyols derived from them, and this involves in many cases aqueous solutions of solid substrates.

Water has both advantages and limitations as a solvent for aerobic oxidations. For example, oxidations with oxygen are much safer as there is no formation of explosive mixtures of oxygen with volatile organic solvents in the gas phase. In a typical process oxygen is supplied by bubbling air through the solution. However, the transfer of oxygen from the gas to the liquid phase is notoriously slow owing to its low solubility in water under typical operating conditions (0.268 mM at 25°C and 1 bar air) which limits the maximum space time yield to 200 mmol/L/h (Pedersen et al., 2015). This problem was alleviated in the Cu/TEMPO system by using air-microbubble techniques to facilitate gas absorption into the liquid phase (Mase et al., 2011). Alternatively, the rates of enzymatic aerobic oxidations were increased by a factor of 100 in continuous flow operation compared to the conventional batch operation (Chapman et al., 2018; Hone and Kappe, 2019). Another disadvantage of water as a solvent is that its relatively high heat capacity, compared to volatile organic solvents, translates to high energy costs for its removal by distillation.

A pertinent example, from the viewpoint of the bio-based economy, is the use of acetylamino-TEMPO (AA-TEMPO) together with nitric acid as the cocatalyst for the aerobic oxidation of primary and secondary alcohols to the corresponding aldehydes and ketones, respectively, in acetic acid or water as the solvent (Dingerdissen et al., 2011). The method was particularly useful for the oxidation of the key biomass-derived diol, isosorbide, to the corresponding diketone (Figure 5; Klasovsky et al., 2015). This is particularly surprising because of the low reactivity of the shielded endo OH group in isosorbide.


[image: Figure 5]
FIGURE 5. Aerobic oxidation of isosorbide to the corresponding diketone. (A) AA-TEMPO/HNO3 in HOAc. (B) Laccase/Tempo in HOAc.


Isosorbide is a commercially interesting platform chemical produced by hydrogenation of glucose to sorbitol followed by dehydration (Figure 6). It has interesting features as an industrial monomer based on its rigidity, chirality, and non-toxicity (Fenouillot et al., 2010). For example, reaction with dicarboxylic acids (or esters) affords polyesters. Alternatively, oxidation to the corresponding diketones, followed by reductive amination, affords the corresponding bis-primary amine (Figure 5) which can be converted to polyamides by reaction with dicarboxylic acids (esters).


[image: Figure 6]
FIGURE 6. Isosorbide as a platform chemical.




BIOCATALYSIS IN AQUA: THE NATURAL SOLUTION

As was noted elsewhere, biocatalysis is green and sustainable (Hollmann et al., 2011; Sheldon and Woodley, 2018), conforming to 10 of the 12 principles of green chemistry, and the catalyst is non-toxic, biocompatible and biodegradable. Moreover, enzymatic reactions are generally performed in water, a particularly suitable medium for conversions of polysaccharides in a bio-based economy. Furthermore, carbohydrates tend to be ideal substrates and generally have a stabilizing effect on enzymes. In contrast with precious metal catalysts, the long term availability and price stability of enzymes is assured since they are produced from inexpensive, readily available biomass. Moreover, industrial scale oxidations employing precious metal catalysts often involve a costly purification step to remove traces of the metal in the product. In contrast, no costly removal of trace amounts of enzymes are needed in enzymatic oxidations and any enzyme ending up in aqueous effluent undergoes facile biodegradation.


Laccase/Nitroxyl Radical Combinations

Laccases (EC 1.10. 3.2) are a diverse group of extracellular, copper-dependent oxidases. They are produced, for example, by white rot fungi, and play a key role in the delignification of lignocellulose in vivo (Rochefort et al., 2004). There is considerable commercial interest in the use of laccases in the pulp and paper industry and in waste water remediation in general (Gasser et al., 2014; Singh et al., 2018; Unuofin et al., 2019). They have broad substrate specificity and use dioxygen to oxidize a wide variety of, inter alia, phenols and aromatic amines in vivo. In combination with so-called mediators, notably TEMPO, they are able oxidize alcohols as was first shown by Fabbrini et al. (2001). These reactions involve one-electron oxidation of the TEMPO by the laccase to give the oxoammonium cation which is the active oxidant (Arends et al., 2006a). The reduced form of laccase is then reoxidized by dioxygen.

The laccase/TEMPO system was shown to catalyze the aerobic oxidation of primary and secondary aliphatic alcohols and 10 mol% was sufficient to give good conversions and excellent selectivities (Arends et al., 2006b). Interestingly, Ying and coworkers (Zhu et al., 2014) obtained superior results with 5 mol% laccase/AZADO, especially in the aerobic oxidation of complex and highly functionalized alcohols. Suicide inactivation is a problem with laccases since at high substrate conversions the oxoammonium cation can oxidize reactive groups in the protein or in the associated glycosyl moieties on the periphery of the enzyme (laccases are glycosylated enzymes). The stability of laccases under the reaction conditions can be significantly increased by immobilization as cross-linked enzyme aggregates (CLEAs) (Matijosyte et al., 2010).

The laccase/TEMPO system also catalyzed the aerobic oxidation of the renewable diol, isosorbide to the corresponding diketone (see section Catalytic Oxidations and Figure 5B) in >99% yield (Gross et al., 2014). Similarly, 1,4 and 1,5-diols were oxidized to the corresponding lactones (Figure 7, Diaz-Rodriguez et al., 2012) and immobilization of the laccase as cross-linked enzyme aggregates (CLEAs) enabled multiple recycling (Sheldon et al., 2013).


[image: Figure 7]
FIGURE 7. Laccase/TEMPO catalyzed oxidation of diols and polyols.




Copper and Flavin Dependent Alcohol Oxidases

As shown in Figure 8, there are two types of alcohol oxidases: Cu-dependent and flavin adenine dinucleotide (FAD). Both generate an equivalent of hydrogen peroxide as the coproduct and catalase is added to decompose it back to oxygen and water. Alternatively, catalase can be used to generate oxygen in situ. A major shortcoming of wild-type oxidases is their substrate specificity. For example, galactose oxidase (GOase) and glucose oxidase (GOX) and are very specific for galactose and glucose, respectively. Indeed, these enzymes have evolved in vivo to be very efficient in converting their natural substrate. However, in order to be useful in organic synthesis they need to be active and selective with a variety of alcohol substrates, particularly highly functionalized alcohols. Fortunately, this can be achieved with protein engineering using in vitro evolution.


[image: Figure 8]
FIGURE 8. Types of alcohol oxidases.


For example, Turner and coworkers used directed evolution techniques to produce GOase variants that catalyze the oxidation of secondary alcohols (Figure 9A; Escaletters and Turner, 2008) and amino alcohols (Herter et al., 2015; Figure 9B). Similarly, a GOase variant catalyzed the aerobic oxidation of lactose, a disaccharide formed as a waste stream (whey) in cheese manufacture, to form the dialdehyde (Figure 9C; Cosgrove et al., 2019). The latter is of interest as a raw material for polymers. Interestingly, a GOase variant was also shown to catalyze the synthesis of nitriles by ammoxidation of primary alcohols (Figure 9D; Vilim et al., 2018).


[image: Figure 9]
FIGURE 9. Biocatalytic aerobic oxidation of (A) 1-phenylethanol, (B) an amino alcohol, (C) lactose, and (D) ammoxidation of a primary alcohol.


Structure directed evolution was also used to develop variants of the FAD-dependent choline oxidase that catalyze the aerobic oxidation of a broad range of primary alcohols to the corresponding aldehydes (Figure 10; Heath et al., 2019). Similarly, FAD-dependent HMF oxidase was engineered to effectively catalyze all three oxidation steps in the conversion of HMF to FDCA (see later).


[image: Figure 10]
FIGURE 10. Aerobic oxidations catalyzed by FAD-dependent alcohol oxidase variants.


Another reaction of industrial interest is the aerobic oxidation of glucose to glucaric acid. A hypothetical process involving two steps with a mixture of GOX and a GOase variant which is able to accept gluconolactone as a substrate is shown in Figure 11. Alternatively, it can be produced by aerobic oxidation of glucuronic acid, a building block derived from (waste) pectin (see section Acid-Catalyzed Dehydration of Carbohydrates to Furan Derivatives). Glucaric acid is of interest as an industrial monomer in itself (Wu et al., 2019) and can also be hydrogenated to adipic acid, the raw material for Nylon 6.


[image: Figure 11]
FIGURE 11. Hypothetical biocatalytic oxidation of glucose to glucaric acid.




Alcohol Dehydrogenases

Alcohol dehydrogenases (ADHs) catalyze the oxidation of alcohols by utilizing a nicotinamide cofactor which has to be regenerated in situ using an excess of a co-substrate (Kroutil et al., 2004a; Weckbecker et al., 2010). Alternatively, NAD(P)H oxidase (NOx) can be employed to catalyze reoxidation of the cofactor by oxygen (Kroutil et al., 2004b; Zhang et al., 2016). Yet another possibility is to couple the oxidation step with a reduction step, to afford an overall redox neutral process by employing so-called hydrogen borrowing, a concept which itself was borrowed from chemocatalysis literature (Hamid et al., 2007). For example, combination of an ADH with an amine dehydrogenase (AmDH) affords a redox-neutral conversion of a racemic alcohol to a single enantiomer of the corresponding amine (Figure 12; Mutti et al., 2015). Ironically, it requires the use of an aselective ADH (Thompson and Turner, 2017) because it has to catalyze the oxidation of both alcohol enantiomers, which is not a simple task as most ADHs are highly enantioselective. The overall efficiency of the process, which constitutes a conversion of an OH to an NH2 group, was improved by co-immobilization of the ADH and AmDH (Böhmer et al., 2018). When the alcohol, or polyol, is readily available this would be an industrially attractive way to produce the corresponding (poly)amine. A pertinent example is the conversion of isosorbide to the diamine discussed in section Catalytic Oxidations.


[image: Figure 12]
FIGURE 12. Enzymatic conversion of an alcohol to an amine.




Direct Oxidation of Polysaccharides

It is also of commercial interest to oxidize polysaccharides, e.g., starch and cellulose, directly to the corresponding polycarboxylic acids. Carboxystarch, for example, has potential applications as a biodegradable water super absorbent. Polysaccharides can be readily oxidized using NaOCl as the stoichiometric oxidant and TEMPO or derivatives as the catalyst (Ponedel'kina et al., 2010). However, for a commercially and environmentally attractive process it should preferably use oxygen as the stoichiometric oxidant. The laccase/TEMPO system (see above) catalyzes the aerobic oxidation of the primary alcohol moieties in starch affording carboxystarch (Viikari et al., 1999) but the relatively high enzyme costs, owing to its instability under the oxidizing reaction conditions, form an obstacle to commercialization. The stability was improved by immobilization as a cross-linked enzyme aggregate (CLEA) (Matijosyte et al., 2010).




ACID-CATALYZED DEHYDRATION OF CARBOHYDRATES TO FURAN DERIVATIVES

Acid catalyzed dehydration of pentoses and hexoses produces furfural and 5-hydroxymethylfurfural (HMF) (Tong et al., 2010), respectively. Furfural is an important commodity chemical (Lange et al., 2012) and HMF has the potential to become one (van Putten et al., 2013; Kucherov et al., 2018). Initial isomerization of D-glucose to D-fructose is followed by acid catalyzed dehydration (Figure 13) but in yields that are not conducive to commercial viability owing to the limited stability of HMF in the acidic reaction medium (Wang et al., 2017). However, according to a recent report HMF can be obtained in 95% yield by conducting the reaction with D-fructose under continuous flow conditions (Galaverna et al., 2018).


[image: Figure 13]
FIGURE 13. Acid catalyzed dehydration of xylose and glucose.


Polyethylene furandicarboxylate (PEF), which was developed by Avantium1 is produced from furan-2,5-dicarboxylic acid (FDCA) and ethylene glycol It is seen as a renewable alternative for fossil-based polyethylene terephthalate (PET). In addition to reducing CO2 emissions, PEF has superior mechanical, thermal, and gas barrier properties to PET. The key raw material, FDCA, can be produced in excellent yields by aerobic oxidation of HMF using supported precious metal catalysts (Liu et al., 2015; Zhang and Deng, 2015; Zheng et al., 2017; Motagamwala et al., 2018) or an engineered flavin-dependent alcohol oxidase (Dijkman et al., 2015) or whole cell biocatalysts (Koopman et al., 2010) in aqueous media (Figure 14).


[image: Figure 14]
FIGURE 14. Catalytic aerobic oxidation of HMF to FDCA.


FDCA can also be produced from uronic acids present in various agricultural residues. D-galacturonic acid, for example, is available in large quantities from the pectin in sugar beet pulp (Leijdeckers et al., 2013) and D-glucuronic acid is one of the main constituents of pectin in certain soft- and hardwoods. Aerobic oxidation of uronic acids over gold catalysts (van Es et al., 2013) affords the corresponding aldaric acids that can subsequently be dehydrated to FDCA (Figure 15; Miller et al., 2017). Alternatively, uronic acids can be isomerized to the corresponding 5-keto aldonic acids which can be converted to FDCA dimethyl ester by acid catalyzed cyclodehydration to the methyl ester of 5-formyl-2-furoic acid in methanol followed by Au/C catalyzed aerobic oxidation (van der Klis et al., 2017).


[image: Figure 15]
FIGURE 15. Alternative routes to FDCA.


Finally, we note that this review is focused on the conversion of the carbohydrate fractions of feedstocks to commodity chemicals in a biorefinery. In practice, for commercial viability both the carbohydrate and the lignin fractions will be converted to both commodity chemicals and biofuels and this will involve both chemo- and biocatalytic methods in water (Rinaldi et al., 2016; Bugg et al., 2019).



CONCLUSIONS AND PROSPECTS

Remarkable progress has been made in the last two decades in the development of green and sustainable catalytic methodologies for the aerobic oxidations of primary and secondary alcohols to aldehydes and ketones, respectively. However, a cursory perusal of the literature reveals that we have hardly scratched the surface with regard to the application of such catalytic methodologies to the valorization of bio-based feedstocks and key platform chemicals in biorefineries. Recent developments in the engineering of oxidative enzymes, such as copper- and flavin-dependent alcohol oxidases, using directed evolution techniques, strongly suggest that industrially viable methods for catalytic oxidations relevant to a bio-based economy will be forthcoming in the near future.

One could say that glucose is the new ethylene, and possibly propylene and butenes all rolled into one. In the words of Primo Levi: “It is the destiny of wine to be drunk and it is the destiny of glucose to be oxidized.”
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Adipic acid is one of the most important feedstocks for producing resins, nylons, lubricants, plasticizers. Current industrial petrochemical process, producing adipic acid from KA oil, catalyzed by nitric acid, has a serious pollution to the environment, due to the formation of waste nitrous oxide. Hence, developing cleaner methods to produce adipic acid has attracted much attention of both industry and academia. This mini-review article discussed advances on adipic acid synthesis from bio-renewable feedstocks, as well as most recent progress on cleaner technology from fossil fuels over novel catalytic materials. This work on recent advances in green adipic acid production will provide insights and guidance to further study of various other industrial processes for producing nylon precursors.
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Graphical Abstract. Heterogeneous Catalysts for Adipic Acid Synthesis.


INTRODUCTION

Adipic acid (AA) has immense practical use in industrial for the production of nylon-66, nylon-6, lubricant and plasticizer (Feng et al., 2019; Perkel and Voronina, 2019; Pisk et al., 2019; Yang B. et al., 2019; Yang J. et al., 2019). In current industrial processes, AA is synthesized mainly by oxidation of KA oil using 50–60% nitric acid as oxidant and copper/ammonium metavanadate as the catalyst (Van de Vyver and Roman-Leshkov, 2013; Deng et al., 2016; Rahman et al., 2016). However, this process emits nitrous oxide which can cause ozone depletion, acid rain, and global warming. Furthermore, the applicability of the phase-transfer catalyst in industrial scale is expensive. Obviously, we need to develop more sustainable AA manufacturing process which can avoid the use of toxic reagents and tedious products separation (Dugal et al., 2000; Cheng et al., 2007; Fujitani et al., 2009; Jin et al., 2011; Indulkar et al., 2012; Lu et al., 2012; Vafaeezadeh et al., 2012).

Cyclohexane, cyclohexanol, cyclohexanone can be oxidized to produce AA without formation of any greenhouse gases (Sato et al., 1998; Chatterjee et al., 2018; Luo et al., 2018; Mazzi et al., 2018; Mouheb et al., 2018; Wang et al., 2018). Oxygen, air, hydrogen peroxide (H2O2) are regarded as clean oxidant since they give water as the only byproduct. It is essential to use separable and reusable inexpensive catalysts for development of sustainable protocols (Baig and Varma, 2012). Various of solid supported catalysts, such as metal oxides, (Hereijgers and Weckhuysen, 2010; Makgwane and Ray, 2014) hollow structure silicates, (Dai et al., 2016; Xia et al., 2018) carbon nanotubes (CNTs), (Machado et al., 2014; Yang et al., 2016) and polyoxometalates (POMs), (Luo et al., 2018) show remarkable performances in AA synthesis, due to the inherent adsorptive properties and tunable acidity.

Some alternative bio-derived AA processes have been extensively reported for synthesizing AA by oxidizing lignocellulosic biomass derived chemicals, e.g., hemicellulose, cellulose, and lignin (Vardon et al., 2015; Han, 2016). Different processes including glucose to glucaric acid process, hydroxymethylfurfural (HMF) to furan dicarboxylic acid (FDCA) process, γ -valerolactone process, lignin and lignin-derived oils process, were reported for AA synthesis from biomass feedstocks (Deng et al., 2016; Gunukula and Anex, 2017; Skoog et al., 2018). In the glucose conversion route, glucaric acid was formed as intermediate by oxidizing the glucose and further undergo hydrogenolysis to form AA (Zhang and Deng, 2015; Zhang and Huber, 2018). This reaction can be achieved in the presence of Au, Pt, and Pd catalysts (Ibert et al., 2002; Merbouh et al., 2002). In the FDCA process, FDCA were formed as intermediates by oxidizing the HMF and was further hydrogeneolyzed to form AA (Gilkey et al., 2018). Noble Pt and Au metals-based catalysts were reported most effective for this reaction (Kong et al., 2018).

Most recent review articles on the synthesis of AA have been listed in this section. Van de Vyver and Roman-Leshkov (2013), Deng et al. (2016), and Rahman et al. (2016) summarized the performances of various catalysts for AA production, with specific focus on metal catalyst design and reaction mechanism. The progress of the metabolic pathways for AA production has been reviewed (Polen et al., 2013; Alonso et al., 2015; Deng et al., 2016; Kruyer and Peralta-Yahya, 2017; Skoog et al., 2018). In 2018, Li et al. (2018) summarized the conversion of cellulose and its derivatives to various organic acids. In this mini review, the glucose and HMF processes will be reviewed systematically. We will particularly focus on the advances of the performances of metallic solid catalysts and POM catalysts for synthesis of AA from both glucose and HMF routes in past 5 years, including mechanistic insights and catalysts stability. The opportunities and challenges in the green process of AA production will be discussed.



HETEROGENEOUS METALLIC CATALYST FOR GLUCSOE AND DERIVATIVES OXIDATION

The transformation of bio-based glucose and its derivatives into AA is green and sustainable. In the first step, the glucose was oxidized to form glucaric acid which was further converted to AA by a catalytic hydrodeoxygenation (HDO) process (Figure 1A). A patent disclosed a yield of 89% of AA in the HDO process over Pt/Rh metallic catalysts in acidic condition using acetic acid and HBr as solvent (Boussie et al., 2014). Lin et al. (2019) reported the deoxydehydration of cellulose-derived D-glucaric acid to AA ester over ReOx/ZrO2-Pd/C catalysts (Y = 82%). In this part, we summarized the most recent progress of glucaric acid synthesis from glucose.


[image: Figure 1]
FIGURE 1. (A) Glucose oxidation to produce AA, (Jin et al., 2016). (B) TEM images of PtPd/TiO2 (Jin et al., 2016).


In the industry, this process can be achieved in the presence of homogeneous catalysts and toxic oxidants under harsh conditions (Smith et al., 2012). The difficulty of separation and the hazardous byproducts hampered the further development of this process. Literatures have widely demonstrated the synthesis of glucaric acid over the supported noble metal catalysts, e.g., Pd, (Jin et al., 2016) Pt, (Bellardita et al., 2016; Shi et al., 2018) and Au (Wojcieszak et al., 2016; Derrien et al., 2017; Solmi et al., 2017) catalysts. Au nanoparticles were immobilized on active carbon (Table 1, #1) (Solmi et al., 2017). After adding Bi additives, AuBi/AC catalyst showed higher glucaric acid yield (Table 1, #2). They claimed that Au particle size affected the ratio between the parallel reactions of gluconic and glucaric acid formation. The reuse study showed a little decline of the activity due to the agglomeration of nanoparticles and the deposition of organic residues (Solmi et al., 2017). Au-Pt and Au-Pd catalysts were supported on various metal oxides (Table 1, #3) (Derrien et al., 2017). The catalytic performance of these catalysts was significantly influenced by the nature of the support. The best glucaric acid yield (44%) was obtained in the presence of ZrO2 supported Au-Pt catalyst under base-free conditions (Derrien et al., 2017) CeO2 supported Au-Pt catalyst showed the lowest activity. They also noticed that Au-Pd showed higher ability to convert glucose to gluconic acid, but lower ability to further convert gluconic acid to glucaric acid comparing to the Au-Pt catalysts (Derrien et al., 2017). The recycled Au-Pt/ZrO2 catalyst was stable in three successive runs, but displayed lower glucaric acid selectivity in the fourth to sixth runs. The TEM images showed the particles' morphology did not change after 24 h reaction. ICP results showed there was no trace of Au or Pt presented in the reaction solution. Hence, they concluded that the activity decline was caused by the multiple handling and washing of the catalyst. The same group synthesized Pt/C catalyst and obtained a yield of 54% of glucarate under alkaline conditions (Table 1, #4) (Derrien et al., 2016). Lee et al. (2016) get a maximum yield of 74% of glucaric acid with Pt/C in aqueous solution with pH of 7.2 using air as oxidant. They found that the selectivity to gluconic acid was higher in acidic conditions due to C-C bond cleavage to short chain carboxylic acids (Table 1, #5) (Lee et al., 2016). The Pt/C catalyst showed good stability in at least five consecutive runs and had no Pt leaching and morphology changing during the reaction. Bimetallic PtPd/TiO2 (TOF = 2404 h−1) catalyst was synthesized via a simple in situ reduction method and displayed much higher activity compared to monometallic catalysts (TOF = 248 h−1) due to the existence of PtPd alloy structure as confirmed by the TEM image (Figure 1B, Table 1, #6) (Jin et al., 2016). The PtPd/TiO2 catalyst was stable in three consecutive runs with no activity loss, but about 4% Pt and Pd leaching was observed. It is highly possible that the leached metal species may be inactive in this reaction. The same group prepared Pt-Cu/TiO2 catalyst using NaBH4 as reducing agent and demonstrated a satisfactory activity for glucaric acid (X = 92%, S = 60%) under base-free conditions (Table 1, #7) (Jin et al., 2015; Shi et al., 2018). They observed strong metal-support interaction between Pt and TiO2 support. The stability study showed that the catalyst exhibited same conversion of glucose and marginal change of selectivity to glucaric acid after three runs. This work demonstrated that it is practicable to replace the second noble metal with inexpensive Cu metal for the glucose oxidation process (Shi et al., 2018).


Table 1. Heterogeneous metallic catalyst for glucose and derivatives oxidation.
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HMF is an important platform chemical which can be converted to AA by two steps. HMF was oxidized to form FDCA which undergo deoxygenation to form AA. Wei et al. (2019) reported one-step conversion of FDCA to AA in water over niobic acid-supported Pt catalyst 38% AA yield was obtained at 200°C in 8 h over Pt/Nb2O5 catalyst which was proved to be stable in at least five repeated runs. The hydrodeoxygenation of FDCA was also conducted in the presence of Pt-MoOx/TiO2 catalyst with AA yield of 21% at 200°C in 4 h (Asano et al., 2016). The low solubility of FDCA in water may cause the low AA yield. Gilkey et al. (2017) studied the metal-free hydrogenolysis of tetrahydrofuran-2,5-dicarboxylic acid (THFDCA) to produce AA. A 99% THFDCA conversion and 89% yield of AA were obtained at 160°C in 2 h. The literatures about this step was rare, but FDCA synthesis from HMF oxidation has been widely reported as one of the key steps of biomass conversion to AA (Figure 2A) (Zhang et al., 2015, 2018; Zhou et al., 2016; Diamond et al., 2018; Li et al., 2018; Rathod and Jadhav, 2018; Ventura et al., 2018). Au-Pd alloy nanoparticles were immobilized on basic anion-exchange resin and catalyzed the HMF to FDCA reaction with a yield of 93.2% (Table 1, #8) (Antonyraj et al., 2017). The physical mixture of Au and Pd nanoparticles showed only 52% FDCA yield. This confirmed the major role of the AuPd alloy as active species as evidenced by the XPS study (Antonyraj et al., 2017). This catalyst had no metal leaching and activity decreasing after six cycles. Au-Pd alloy was also supported on La-doped CaMgAl layered double hydroxide (LDH) (Gao et al., 2017). TEM images showed that small nanoparticles with 3–4 nm particle size were well-dispersed on the LDH support (Figure 2B) (Gao et al., 2017). A yield more than 99% of FDCA was obtained ascribing to the high surface basicity of the support and the synergy between Au-Pd nanoparticles (Table 1, #9). They also observed that the La2O3 on the surface of the LDH support can form carboxylic acid products and prevent the deterioration of the LDH support, thus enhance the catalyst stability (Gao et al., 2017). This catalyst maintained good activity after four runs with only 2% decreasing of the yield. No leaching of Au or Pd was detected. However, there were 0.8% of Mg and 0.3% of Ca lost after the reaction.


[image: Figure 2]
FIGURE 2. (A) HMF to AA, (Lee et al., 2016) TEM images of (B) AuPd/CaMgAl, (Gao et al., 2017) (C) Pt-Ni/AC, (Shen et al., 2018) (D) Ru/HAP (Gao et al., 2018).


Ni, Co, and Cu metals were selected to synthesis bimetallic Pd catalysts. Gupta et al. (2017a,b) found that PdNi/Mg(OH)2 catalyst displayed higher catalytic performance than Co and Cu based Pd/Mg(OH)2 catalyst due to the synergistic cooperation between Pd and Ni species (Table 1, #10–12). This catalyst can be reused for three consecutive reactions without significant activity loss, Pd/Ni metal leaching, or particle size changing. Ni and Pt bimetallic nanoparticles were supported on active carbon by atomic layer deposition method (Table 1, #13) (Shen et al., 2018). The TEM images showed that the metal were uniformly dispersed on the support (Figure 2C). A 97.5% yield of FDCA (TOF= 35.8 h−1) was obtained in 15 h reaction. They claimed that the presence of Ni species enhanced the ability of Pt to adsorb and oxidize C = O bond (Shen et al., 2018). The catalysts recycled after four runs showed 86.3% FDCA yield which is lower than the fresh catalysts (97.5%). However, the reasons for the activity loss was not discussed in this work. Pt supported on carbon displayed 96% yield of FDCA in the absence of base (Table 1, #14) (Han et al., 2016). The introduction of N atom brought more medium strength basic sits to the catalyst and thus elevated the catalytic activity (Han et al., 2016). Ru immobilized on MnCo2O4 was reported highly active (Y = 99.1%) for HMF oxidation under base-free condition (Table 1, #15) (Mishra et al., 2017). The existence of both Lewis and BrØnsted acid sites facilitated the HMF oxidation to FDCA (Mishra et al., 2017). The reusability study showed that there was no significant change in the rate of HMF conversion in at least five successive runs. The TEM images of both fresh and used catalysts indicated that there was no discernible change of the structure. No Ru metal leaching was detected by ICP analysis.

Gao et al. (2018) supported Ru on hydroxyapatite. The TEM image showed a typical rod-shape agglomerates with the mean size of Ru nanoparticles about 1.8 nm (Figure 2D). Hundred percentage of conversion of HMF and 99.6% selectivity to FDCA were obtained in the presence of oxygen and water. The acidic-basic sites on hydroxyapatite support were essential for good catalytic performance (Table 1, #16) (Gao et al., 2018). There was about 10% loss of the FDCA yield after the fifth runs. ICP results revealed there was no leaching of Ru and Ca species from the catalyst. No aggregation of Ru nanoparticles was noticed from the TEM images. The adsorption of impurities and the partial oxidation of Ru nanoparticles were the main reason of the catalyst deactivation.



CYCLOHEXANE, AND CYCLOHEXANONE/CYCLOHEXANOL OXIDATION TO AA

Cyclohexane and cyclohexanone/cyclohexanol are the most selected chemicals as the model substrates for oxidation reaction to produce AA over various of catalysts, such as metal oxides, carbon nano tubes (CNTs), and TS-1 catalysts (Cavani et al., 2011; Alshammari et al., 2012; Dai et al., 2016; Chen et al., 2017; Nale et al., 2017).


Cyclohexane Oxidation to AA

Metal oxides are widely studied for oxidation reaction (Fang et al., 2013; Hao et al., 2013; Zhang et al., 2013; Li et al., 2014; Qadir et al., 2014; Gui et al., 2015; Imanaka et al., 2015; Wang et al., 2016; Shiraishi et al., 2017). The nature of the metal oxides as support or as active species influenced the catalytic performance of the catalysts significantly (Unnarkat et al., 2016; Ribeiro de Sousa Martins et al., 2017; Yang et al., 2017; Feliciano Miranda et al., 2018). Acharyya et al. (2015) synthesized Cr2O3 supported Cu nanoclusters with hydrothermal method which converted cyclohexane to cyclohexanone with high yield, but failed to produce any AA. Whereas, WO3 supported Cu converted cyclohexane with 88% conversion and 75% selectivity to AA (Table 2, #1) (Acharyya et al., 2015). Most probably, the activation energy was lowered in the case of Cu-WO3 catalysts due to the flexibility property of the Cu-framework. The impregnated CuO/WO3 catalyst was inactive for cyclohexane oxidation to AA. It seems that the synergistic interaction between the Cu and W species is the main reason of the oxidation activity. Recycled Cu-WO3 catalysts have no metal leaching in at least four consecutive runs without any decreasing of catalytic performance. Comparing to Cu, Au has the same outermost electronic configurations but far higher activity in oxidation reactions. Liu et al. (2016) coated Au on the wall of the stainless steel microcapillary. A conversion of 2.1% and selectivity of 18.9% to AA were obtained for cyclohexane oxidation in 4 min (Table 2, #2). The stability of the catalyst was not reported in this work. Alshammari et al. (2015, 2016) incorporated Au, Pd, and Ag on TiO2 using sol-gel methods. Bimetallic catalysts AuPd/TiO2 showed higher selectivity compared to monometallic Pd/TiO2 toward AA (Table 2, #3) due to smaller particle size as observed by TEM images. Au as a second metal is important for enhancing the AA selectivity due to the synergistic effects between Au and Pd metals. The bimetallic catalyst was observed deactivated after consecutive runs due to the formation of Pdδ− species with lower binding energy, metal leaching and coke formation (Alshammari et al., 2016). Chen et al. (2017) confined Au nanoparticles in hybrid shells of organic linker-assisted silica nanospheres (GOS) using amino function groups for anchoring Au precursor. TEM images showed that GOS has uniformed nanospheres with 120–150 nm diameter. The AuNPs (<2 nm) were highly dispersed on the shells of silica. FTIR and Raman results indicated that the incorporation of AuNPs didn't alter the structure of GOS. The obtained catalyst oxidized cyclohexane with 45% selectivity to AA under solvent-free conditions using O2 as oxidant (TOF = 59,307 h−1, Table 2, #4). It seems that the AuNPs confined in silica shell is more active than that in the inner cores. Besides, C-H bonds in silica shell improved the hydrophobicity and the adsorption of cyclohexane.


Table 2. Cyclohexane, cyclohexanol, and cyclohexanone oxidation to AA.
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Hollow structure silicates (HTS) with large intraparticle voids were more active than TS-1 catalyst for cyclohexane oxidation reaction as reported (Shi et al., 2011). This special structure can aggravate the movement of products and reactants in and out of the channels. Zou et al. (2015b) evaluated various of HTS catalysts and found Mn-HTS gave the highest selectivity toward AA due to the nature of Mn metal (Table 2, #5). The stability of Mn-HTS catalysts maintained in four runs. The stability was confirmed by comparing the FT-IR and UV-Vis spectra of the fresh and recycled catalysts. This reaction proceeded via radical intermediates with Ti(IV)-O• or Ti(IV)-OO• species as active centers and Mn3+ as promoters. W based HTS bifunctional catalysts showed higher activity compared to H2WO4/TS-1 for the oxidation of cyclohexane (Table 2, #6) due to higher accessibility of Ti species, large intraparticle voids and the bifunctional catalytic sites (Dai et al., 2016).

Carbon nanotubes (CNTs) have been widely used as catalysts support because they are insoluble in the most solvents (Coleman et al., 2006; Moniruzzaman and Winey, 2006; Tangestaninejad et al., 2008, 2009; Moghadam et al., 2010a,b). On the other hand, CNT can create confined spaces for metals to prevent the aggregation and to act as a template for metal seed growth (Moghadam et al., 2010a). Yang et al. (2016) prepared Fe-, Ni-, and FeNi- based CNT catalysts with controllable wall thickness and evaluated for cyclohexane oxidation. They found that Fe@CNT showed highest catalytic performance (Table 2, #7) ascribing to the thin walls of CNTs and confined electron-donating metals, which will help the electron transfer on the CNTs surfaces (Yang et al., 2016). Besides, the Fe filling can enhance the electronic property of the graphene sheets. Ni@CNT has lower activity due to the weaker interaction with carbon.

POMs were reported highly active for oxidation reaction to synthesize AA with a TON values as high as 29,550 (Luo et al., 2018) The exceptional performance of POMs was possibly due to the fact that POMs played the roles of co-catalysts, active metal sites stabilizer and electronic structure regulator in the oxidation process (Banerjee et al., 2012; Tahar et al., 2015). Keggin type POMs, were the most studied type POMs for liquid phase oxidation, due to their high resistance to oxygen donors and strong oxidizing power (Wang et al., 2015; He et al., 2016; Yu et al., 2017). Pisk et al. (2019) reported Merrifield resins supported Mo- or W- based Keggin POMs as catalysts to oxidize cyclohexene to AA with 46 and 61% yield (Table 2, #8). They found the W based POMs are more active than Mo based catalysts. They proposed Baeyer-Villiger oxidation type of mechanism for this process (Figure 3A).


[image: Figure 3]
FIGURE 3. Proposed (A) Baeyer-Villiger oxidation type of mechanism, (Pisk et al., 2019) (B) radical chain autoxidation mechanism, (Cavani et al., 2011) (C) redox mechanism (Amitouche et al., 2018) of cyclohexanone oxidation to AA.




Cyclohexanone Oxidation to AA

Patra et al. (2013) developed a method to encapsulate γ-Al2O3 nanoparticles by a thin shell of α-Fe2O3. The resulting material showed high surface area and meso-porosity due to self-aggregation of tiny spherical nanocrystals as confirming by SEM images. These catalysts displayed low TON for the oxidation of cyclohexanone to AA in water (Table 2, #9), because only the surface Fe center took part in the reaction. A single layer of Fe center on the surface of the core was believed to enhance the performance of the catalysts.

Mn-HTS catalysts displayed the good performance with 68% cyclohexanone conversion, 93% AA selectivity (Table 2, #10) (Zou et al., 2015a). Mn-HTS, with high oxidation states, had less BrØnsted acid sites than Lewis acid sites which favored the formation of enolate from the keto-form of cyclohexanone (Zou et al., 2015a). The recycled catalysts were shown to maintain the same Mn and Ti content in about 15 cycles of reuse. They also noticed that the use of acetic acid as the co-solvent can form CH3COOOH as oxidizing species and thus improve the reaction rate and AA selectivity. Some other groups also noticed the same phenomenon and claimed that the reaction proceed via a radical-chain autoxidation mechanism, rather than a redox mechanism in the presence of acetic acid (Shimizu et al., 2003; Cavani et al., 2011). On the other hand, acetic acid can stabilize the H2O2 and prevent the decomposition (Chavan et al., 2002; Shimizu et al., 2003). Gao's group prepared Mn-HMTS catalyst by a one-step hydrothermal approach with tunable textural properties (Table 2, #11, TON = 887) (Gao et al., 2019). They noticed that the textural and physicochemical properties of Mn-HMTS can be easily tuned by modifying the amounts of the template agent. Free-radical mechanism was proposed, since Mn species acted as a promoter for both radical intermediates and enol formation from cyclohexanone (Gao et al., 2019). Xia's group also studied TS-1 catalysts for cyclohexanone oxidation reaction by combining density function theory (DFT) calculation with experimental studies (Table 2, #12) (Xia et al., 2015). DFT calculations indicated that H2O2 molecule was absorbed and activated at the tetrahedral Ti sites.

Phosphonate based metal catalysts have immense potential to be used as ecofriendly catalysts due to the high durability and thermal stability (Zhao et al., 2006; Deng et al., 2011; Dutta et al., 2012; Mahdavi and Hasheminasab, 2015; Xiao et al., 2016; Rezaei et al., 2017). Bhanja et al. (2016) synthesized an organic-inorganic hybrid iron phosphonate materials (FePO-1-2) via a hydrothermal synthesis route. This material displayed high activity for the cyclohexanone oxidation due to the high surface acidity as well as the framework redox FeII/III sites (Table 2, #13). They also observed that water show more remarkable promotion effect and good AA selectivity due to the higher polarity than other solvents (Bhanja et al., 2016). There was only very slight decrease of the AA yield after six consecutive reactions. The XRD results suggested there was only minor decrease in the crystallinity and BET surface area. There was no detectable Fe leaching from the catalyst. Later, the same group developed a oxyfluorinated titanium phosphate material (TIPO-1, Table 2, #14) (Bhanja et al., 2018). This material showed a 92% cyclohexanone conversion and 66% selectivity to AA. A Mn incorporating aluminophosphate material (MnAPO-5) was synthesized by Chatterjee's group (Chatterjee et al., 2018). A complete conversion of cyclohexanone and AA selectivity were obtained (Table 2, #15). The detected ε-caprolactone as intermediate by 1H NMR. They proposed a reaction pathway that ε-caprolactone formed by Baeyer-Villiger oxidation and then the ring undergoes oxidative C-C bound cleavage to give AA. No leaching of Mn was detected at the end of each run.

Mouheb et al. (2018) synthesized Keggin-type POMs (Table 2, #16) and revealed that the active species for cyclohexanone oxidation might be the peroxo-polyoxometalates (Mouheb et al., 2018). On the other hand, more unidentified products formed when cyclohexanol was used as substrate. This catalyst can be reused at least 3 times without regeneration. Amitouche et al. (2018) synthesized Keggin heteropolyacid catalyst. They disclosed the pathways to different H3PMo12O40 reduced state and the transformation into peroxomolybdate complexes (Amitouche et al., 2018). As shown in Figure 3B, the H-abstraction at the carbon next to the oxygen in cyclohexanone can be promoted in the presence of active species, and the production of radical reacted with oxygen and formed cyclohexyl hydroperoxide (Zou et al., 2015a). The ketonyl radical underwent ring opening via C–C cleavage and formed OHC–(CH2)4-C(O) radical species (Amitouche et al., 2018). The last step was oxidation that lead to the formation of AA. H3−2xNixPMo12O40 catalysts showed AA yield of 31% (Table 2, #17) (Tahar et al., 2015). The results showed that the AA yield was sensitive to the chemical composition and the x value. H3−2xCoxPMo12O40 (x: 0–1.5) catalysts were prepared using the cationic exchange method (Benadji et al., 2013). The cobalt salts were more effective than parent acid to oxidize cyclohexanone (X = 76%) and cyclohexanol (X = 53%) because the Co-based POMs acted as acidifying and oxidizing agent (Table 2, #18). H3+xPMo12−xVxO40 catalyzed cyclohexanone oxidation via a redox mechanism and the reoxidation of the reduced POM was the rate-limiting step (Table 2, #19) (Cavani et al., 2011). However, when an acetic acid was used as additive, a radical chain autoxidation mechanism prevailed. The metal composition of the POMs affected the relative importance of the two mechanism (Figures 3B,C). The radical chain autoxidation mechanism was more selective to AA than the redox mechanism, because in the radical chain autoxidation mechanism there was no intermediate of partially oxidized products (lighter acids and CO2) formed (Cavani et al., 2011).

Anderson and Dawson type POMs were also reported active for oxidation reactions. Luo et al. (2018) synthesized a POMs nanoclusters with butterfly-shaped β isomer. This catalyst displayed good activity (TON: 29,550) toward AA in solvent free condition. When cyclohexanol was used as substrate, the AA yield was lower than the cyclohexanone. The recycle ability study indicated that there was an appreciable loss of AA yield after three runs. Dawson-type POMs (P2M18) have potential to have oxidation properties since they have more elements with a high oxidation state than that of the Keggin anion (Moudjahed et al., 2016). Moudjahed et al. (2016) prepared Dawson-type POMs which showed an AA yield of 69% in the KA oil oxidation reaction (Table 2, #20). 31P NMR spectroscopy of used POMs confirmed the formation of “peroxo-POMox” as active intermediate species.




CONCLUSION

Based on the critical review, biomass-based AA provides important and alternative routes for future development of nylon industry. At present, selective oxidation of sugars and derivatives to relevant aldaric acids is the key challenge in this area. Future work should be focused on finding more effective and inexpensive materials to achieve this chemistry. The progress and potential significance of nanostructured solid catalysts and POMs catalysts for oxidation of cyclohexane, cyclohexene, cyclohexanol and cyclohexanone to produce AA with green oxidants have been critically revised in this paper. This work summarized and discussed catalysts synthesis and structural characterization, the oxidation reaction mechanism, as well as catalyst durability. The POMs with dual redox and acidity properties display high catalytic activity and selectivity for cyclohexane/cyclohexene/cyclohexanone/cyclohexanol oxidation. Important accomplishments in this research area could be further achieved by the efficient catalyst design, and a deep understanding of both redox and radical based oxidation mechanisms.

Fundamental understanding of catalysts deactivation and oxidant utilization efficiency improvement should be the focusing efforts in the future study. The economic and environment analysis of the new green processes are needed to systematically study to see if the green processes has the potential to replace in the current industrial process. This work provides guidance for further investigation on metal nano catalysts for the efficient, green, safe, sustainable, ecofriendly and economical route of AA production and oxidation processes for many other value-added fine chemicals production.
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Levulinic acid (LA) is classified as a key platform chemical for the development of future biorefineries, owing to its broad spectrum of potential applications and because it is simply available from lignocellulosic biomass through inexpensive and high-yield production routes. Catalytic hydrogenation reactions of LA into the pivotal intermediate compound γ-valerolactone (GVL), and beyond GVL to yield valeric acid (VA), 1,4-pentanediol (1,4-PDO), and 2-methyltetrahydrofuran (2-MTHF) have gained considerable attention in the last decade. Among the various transition metals used as catalysts in LA hydrogenation reactions, ruthenium-based catalytic systems have been the most extensively applied by far, due to the inherent ability of ruthenium under mild conditions to hydrogenate the keto functionality of LA selectively into an alcohol group to form 4-hydroxyvaleric acid intermediate, which yields GVL spontaneously after dehydration and cyclization. This review focuses on recent advances in the field of aqueous-phase ruthenium-catalyzed hydrogenation reactions of LA toward GVL, VA, 1,4-PDO, 2-MTHF, 2-pentanol, and 2-butanol. It employs heterogeneous catalysts on solid supports, and heterogeneous water-dispersible catalytic nanoparticles or homogeneous water-soluble catalytic complexes with biphasic catalyst separation, for the inter alia production of advanced biofuels such as valeric biofuels and other classes of liquid transportation biofuels, value-added fine chemicals, solvents, additives to gasoline, and to food as well. The significance of the aqueous solvent to carry out catalytic hydrogenations of LA has been highlighted because the presence of water combines several advantages: (i) it is highly polar and thus an ideal medium to convert polar and hydrophilic substrates such as LA; (ii) water is involved as a byproduct; (iii) the presence of the aqueous solvent has a beneficial effect and enormously boosts hydrogenation rates. In sharp contrast, the use of various organic solvents gives rise to a dramatic drop in catalytic activities. The promotional effect of water was proven by numerous experimental investigations and several theoretical studies employing various types of catalytic systems; (iv) the large heat capacity of water renders it an excellent medium to perform large scale exothermic hydrogenations more safely and selectively; and (v) water is a non-toxic, safe, non-inflammable, abundantly available, ubiquitous, inexpensive, and green/sustainable solvent.

Keywords: hydrogenation, renewable, platform chemical, levulinic acid, γ-valerolactone, water, biofuels, biorefinery


INTRODUCTION

Currently, renewable biomass as a raw material is considered to be the grand challenge in the development of Green-Sustainable chemistry which decisively contributes to the transition from a fossil-based society to a bio-resources based economy. Biomass possesses a high potential as a raw material that sustainable biorefineries can use to manufacture biofuels, bio-based chemicals, solvents, materials, energy, power, pharmaceuticals, and food. The use of biomass as an industrial feedstock also combines environmental benefits because it mitigates local air pollution and the global warming problems caused by greenhouse gas emissions. Moreover, the use of biomass is associated with further economic, environmental, social, health and safety benefits which are based, inter alia, on the renewable nature of biomass, contrasted to the nature of fossil raw materials which possess a limited capacity in the domestic production of biofuels, and thus on the country's independence from fossil feedstocks, on the profits of local agriculture, on the implementations of financial incentives, and on biodegradability and biocompatibility, as well as on the mechanical and physicochemical properties of biomass-based products. The high potential of biomass is even more remarkable when one considers that the nature's global biomass production capacity is huge, namely about 2.0·1011 t/a compared to only 7·109 t/a of all extracted fossil fuels, and furthermore that only 3.3% of the annual biomass production capacity is used for food, feed, and non-food applications (Van Bekkum and Gallezot, 2004; Sheldon, 2014; Li et al., 2018; Badgujar et al., 2020). Biomass consists of about 75% carbohydrates, 20% lignin, and 5% triglycerides, i.e., fats and oils, terpenes and proteins (Sheldon, 2014). Storage carbohydrates include the polysaccharides starch and inulin and the disaccharide sucrose. However, the most abundant biomass is lignocellulose, the constituent of plant cell walls, which is not edible and therefore without competition in food and consists of 40–50% cellulose, 25–35% hemicellulose, and 15–20% lignin (Climent et al., 2014). Cellulose is a linear biopolymer consisting entirely of glucose units linked by β-1,4-glycosidic bonds. The presence of extensive hydrogen bonding of both types inter- and intra-chain bonds imparts crystallinity to cellulose and strength to the structure of the plant, which makes cellulose recalcitrant to chemical or enzymatic hydrolysis. Cellulose is the organic compound with the largest capacity in the world. Hemicellulose is an amorphous branched biopolymer composed of C5 and C6 sugars with the major compound being xylose. Lignin is a cross-linked polyphenolic amorphous biopolymer surrounding hemicellulose and cellulose. The rigidity and complexity of the lignin structure gives recalcitrance to the cell walls of the plant, which makes difficult the pretreatment of lignocellulosic biomass for the liberation of cellulose and hemicellulose to be applied as feedstocks for the production of fuels, platform chemicals and materials.

One of the most promising platform chemicals obtained from lignocellulose is levulinic acid (LA, Figure 1), which was selected by the US Department of Energy (DOE) as one of the top twelve platform chemicals according to its report released in 2004 (Werpy and Petersen, 2004), as well as to the updated, revised and extended DOE's report in 2010 (Bozell and Petersen, 2010). LA is classified as a key platform chemical for the development of future biorefineries because of its broad spectrum of potential applications and because it is simply available with inexpensive and high yield production routes from lignocellulose biomass (Tang et al., 2014; Ye et al., 2020). The first industrial continuous process for the production of LA was developed by BioMetics Inc. in the earlies 1990's, which was well-known as the Biofine process, and proceeds in a proprietary two-reactor system using lignocellulose biomass as feedstock together with a sulfuric acid solution as a reagent. After the deconstruction of lignocellulose, sulfuric acid-catalyzed hydrolysis of cellulose and hemicellulose to yield C6 and C5 carbohydrates such as glucose and xylose takes place in the first reactor (Figure 1). Glucose is further isomerized into fructose and after dehydration of fructose the 5-hydroxymethylfurfural intermediate (HMF, Figure 1) is obtained under conditions to minimize polymerization side reactions, which yield undesired insoluble side products called humins. HMF is continuously removed and subsequently introduced as feedstock in the second reactor where, after hydration reactions, LA is produced with formic acid (Figure 1). The solid humins are separated from the solution of levulinic acid and burnt to generate heat and electricity for the process. From dehydration reactions of C5 carbohydrates e.g., xylose, furfural is produced. This is separately collected and acts as an intermediate after hydrogenation to furfuryl alcohol and hydration to also produce LA (Figure 1). The route of hemicellulose to LA possesses the advantage of milder acidic conditions and therefore of lower formation of undesired humins, because of the easier hydrolysis step of amorphous hemicellulose into C5 and C6 carbohydrates compared to the hydrolysis step of crystalline and recalcitrant cellulose into glucose intermediate, which is further isomerized into fructose and in the acid-catalyzed dehydration step to HMF unavoidable higher amounts of humins are obtained. The process engineering of Biofine was revised and redesigned by the GFBiochemicals company, which developed an acid catalyzed industrial process (Atlas TechnologyTM) for the manufacture of LA from lignocellulose biomass with a production capacity of 10,000 t/a. Several other industrial companies produce LA worldwide using lignocellulosic biomass as feedstock (Huber et al., 2006; Bozell and Petersen, 2010; Serrano-Ruiz et al., 2012; Bond et al., 2014; Climent et al., 2014; Leitner et al., 2017; Makhubela and Darkwa, 2018; Home page of GFBiochemicals company., 2019).


[image: Figure 1]
FIGURE 1. Production routes of levulinic acid from cellulose and hemicellulose.


Among the various routes for the valorization of LA, the catalytic hydrogenation route has been considered as an important pathway that is gaining more interest in recent years because of the wide range of potential applications of the LA's hydrogenation products, which include, inter alia, advanced biofuels such as valeric biofuels and other classes of liquid transportation biofuels, fine chemicals, solvents, additives to gasoline as well as additives to food. In the last decade, the hydrogenation reactions of LA into γ-valerolactone (GVL, Figure 2), which is a key intermediate compound, and beyond GVL to yield 1,4-pentanediol (1,4-PDO, Figure 2) and valeric acid (VA, Figure 2), have gained considerable attention. Numerous heterogeneous catalytic systems based on precious and non-noble metals and water-soluble transition metal catalytic complexes have been developed in the absence and presence of organic or aqueous solvents (Serrano-Ruiz et al., 2011, 2012; Tang et al., 2014; Yan et al., 2015a,b; Omoruyi et al., 2016; Pileidis and Titirici, 2016; Osatiashtiani et al., 2017; Makhubela and Darkwa, 2018; Xue et al., 2018; Dutta et al., 2019; Yu et al., 2019; Ye et al., 2020). The catalytic hydrogenation reaction of LA in the aqueous solvent is a more attractive and promising processing mode because the use of water combines several advantages: (i) the highly polar nature of the aqueous solvent makes it an ideal medium to convert polar, with high oxygen content, and hydrophilic platform chemicals such as the water-soluble starting material LA; (ii) water is involved as a byproduct to obtain the GVL intermediate, which is further hydrogenated into 1,4-PDO in the aqueous medium and, after dehydration and cyclization reactions 2-methyltetrahydrofuran (2-MTHF, Figure 2), is formed creating an aqueous/organic two-phase system which provides for the easy separation of the polar aqueous reaction medium from a polar organic product 2-MTHF by a simple phase separation. The same procedure could also be applied in the aqueous/organic biphasic system created with alkyl valerates obtained from LA hydrogenation product valeric acid (VA, Figure 2) after esterification with alcohols. This biphasic processing mode results in substantial energy savings, lower emissions and economic benefits; (iii) novel types of catalytic reactivities have been observed in water: in the hydrogenation reaction of LA into GVL, and beyond in the aqueous solvent employing conventional heterogeneous catalytic systems, catalytic nanoparticles, and water-soluble transition metal catalytic complexes, the presence of water has a beneficial effect and accelerates reaction rates, whereas in organic solvents much lower activities were observed. This promotional effect of water in the hydrogenation reaction of LA was proved by several experimental and theoretical studies using various types of catalytic systems; (iv) the large heat capacity of water makes it an excellent medium to perform exothermic reactions, such as the catalytic hydrogenation reaction of LA, more safely and selectively—which is especially important in large scale industrially-applied catalytic hydrogenation processes of LA; (v) water is a non-toxic, non-inflammable, abundantly available, inexpensive, ubiquitous, green and sustainable solvent.
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FIGURE 2. Routes based on the catalytic hydrogenation of LA to obtain advanced biofuels, chemicals and solvents.


In the LA hydrogenation reaction, ruthenium-based catalytic systems have been by far more extensively applied by than their catalytic counterparts based on other transition metals. This is because of the inherent and unique ability of ruthenium under mild reaction conditions to effectively hydrogenate the keto moiety of LA into an alcohol functionality to form the 4-hydroxyvaleric acid intermediate which spontaneously after dehydration and cyclization yields GVL. This review focuses on recent advances in the field of aqueous-phase ruthenium-catalyzed hydrogenation reactions of LA into GVL and beyond, to obtain VA, 1,4-PDO and 2-MTHF as well as 2-pentanol and 2-butanol employing heterogeneous catalytic systems on solid supports, heterogeneous water-dispersible catalytic nanoparticles and homogeneous water-soluble catalytic complexes for the production, inter alia, of advanced biofuels such as valeric biofuels and other classes of liquid transportation biofuels, value-added fine chemicals, solvents, additives to gasoline and to food as well. The significance of the aqueous solvent in such catalytic hydrogenation reactions has been also highlighted.



HYDROGENATION OF LA INTO VALUE-ADDED CHEMICALS AND ADVANCED BIOFUELS

The catalytic hydrogenation reaction of LA yields GVL (Figure 2), which is an important C5 platform chemical and pivotal intermediate compound for the efficient conversion of LA to advanced biofuels of various classes, chemicals and solvents by several different routes as depicted in Figure 2. GVL is also used as an aprotic, polar, and sustainable solvent, as an additive to gasoline and suitable for use as a food additive. Hydrogenation and ring-opening reactions of GVL afford 1,4-PDO and VA intermediates (Figure 2). 1,4-PDO tends to undergo dehydration and cyclization reactions to yield 2-methyltetrahydrofuran (2-MTHF, Figure 2) which is considered as a green solvent (Yan et al., 2010, 2015a,b; Serrano-Ruiz et al., 2012) with a polarity placed between tetrahydrofuran and diethyl ether possessing, however, a potential to form explosive peroxides under air (Aycock, 2007; Fábos et al., 2009; Byrne et al., 2017). 2-MTHF is one of the three components of an alternative type of fuel, namely P-series fuels, that are approved by DOE as fuels that can substitute gasoline. Furthermore, 2-MTHF could be blended up to 70% in conventional gasoline fuels (Yan et al., 2010, 2015a,b; Serrano-Ruiz et al., 2012). Esterification reactions of VA with alcohols produce alkyl valerate advanced biofuels well-known as valeric biofuels, which are suitable to be blended with gasoline or diesel fuels depending on the length of the alkyl chain of added alcohol (Figure 2). When shorter chain alcohols such as methanol and ethanol are used in the esterification of VA the methyl and ethyl valerate products are suitable as gasoline fuel, whereas with longer chain alcohols such as butanol and pentanol, the butyl and pentyl valerates are more appropriate as diesel fuel with excellent energy density as well as volatility and ignition properties (Lange et al., 2010; Yan et al., 2010, 2015a,b; Serrano-Ruiz et al., 2012). VA could alternatively be used as starting material in decarboxylative coupling reactions i.e., ketonization reactions to produce 5-nonanone, which is an interesting platform to be applied as starting material in hydrogenation, dehydration, isomerization, and oligomerization reactions for the manufacture of C9 and C18 linear and branched hydrocarbons which are gasoline, diesel, and jet biofuels (Figure 2) (Serrano-Ruiz et al., 2012; Simakova and Murzin, 2016). Another route for the production of jet biofuels is based on GVL, which in the first step undergoes decarboxylation into butenes, followed by oligomerization to form higher alkenes which after hydrogenation are suitable as aviation biofuels (Figure 2) (Bond et al., 2010, 2014).


Hydrogenation of LA Into GVL

GVL is a water-soluble, non-toxic liquid that is stable at neutral pH in aqueous solvent and air without any formation of a measurable amount of peroxides when in a glass flask exposed to the air for several weeks, making it safe for industrial scale use. Furthermore, GVL does not form an azeotropic mixture with the aqueous solvent and therefore the manufacture of GVL constitutes a less energy demanding process compared to that for the production of absolute ethanol. Two possible reaction pathways were proposed for the synthesis of GVL from LA which are shown in Figure 3. According to the first pathway the keto functionality of LA is hydrogenated probably by heterolytic H2 cleavage into an alcohol group to form the 4-hydroxyvaleric acid intermediate, which then readily undergoes dehydration to give, by favorable intramolecular esterification, the cyclic ester product GVL (Figures 3, 4). The heterolytic dihydrogen cleavage mechanism may be facilitated by heterogenous catalytic systems comprising a transition metal and an oxide as support, such as Ru/TiO2, Ru/Al2O3, by the interaction between the metal with the support in the way that on the surface of transition metal is formed the H− moiety of dihydrogen and on the oxygen atom of the support the H+ moiety (Kubas, 2005). The second possible pathway of Figure 3 involves acid-catalyzed endothermic dehydration of LA at reaction temperatures higher than 180°C to form α-angelica lactone by intramolecular esterification, which is subsequently hydrogenated to yield GVL. In both mechanisms depicted in Figure 3 the hydrogenation steps are influenced by the nature and activity of the transition metal of the catalysts, whereas the dehydration steps depend on the acidity of the catalysts and of the medium. At elevated temperatures and/or in the presence of acidic heterogeneous catalytic systems the dehydration reaction of LA is promoted to give α-angelica lactone, which easily polymerizes on acidic surfaces to form coke, resulting in a severe deactivation of the heterogeneous catalytic system.


[image: Figure 3]
FIGURE 3. Possible reaction mechanisms for the synthesis of GVL from LA.



[image: Figure 4]
FIGURE 4. Proposed mechanism for the dehydration of 4-hydroxyvaleric acid intermediate to yield by intramolecular esterification GVL (Ruppert et al., 2015).



Heterogeneous Catalysts on Solid Supports

Numerous heterogeneous ruthenium-based catalytic systems have been successfully applied in the hydrogenation reaction of LA into GVL usually employing relatively more forcing conditions, i.e., higher temperatures and dihydrogen pressures in aqueous media. The use of heterogeneous catalysts combines the easy catalyst separation from reaction products and catalyst recycling with the possibility to operate easily in a continuous process.

Tan et al. (2015) synthesized ruthenium-supported catalysts with low 0.5 wt.%, moderate 1 wt.% and higher 2 wt.% ruthenium loading on various oxides such as Al2O3, SiO2, ZrO2, and TiO2 and investigated their catalytic activity and selectivity on the hydrogenation reaction of LA into GVL at molar ratios of LA/Ru between 8,707 and 2,177, reaction temperatures of 130 and 70°C under 40 bar of dihydrogen pressure in aqueous and organic media. With a higher ruthenium loading of 2 wt.% all supported catalysts at 130°C exhibited a TOF value of 4,353 per hour with quantitative conversions of LA. At a low ruthenium loading of 0.5 wt.% the Ru/TiO2 catalytic system exhibited at 130°C within 3 h reaction time the highest catalytic activity of TOF = 2,769 h−1 with a conversion of LA of 95.4 mol%, compared with the other ruthenium-supported catalysts under the same conditions which have shown lower activities with e.g., 0.5 wt.% Ru/Al2O3 the catalytic activity has been dropped down to 401 TOF's per hour and the conversion of LA to 13.8 mol% (Table 1). A much higher catalytic activity of TOF = 7,662 h−1 has been obtained with Ru/TiO2 catalysts with a moderate ruthenium loading of 1 wt.% even at a lower temperature of 70°C within a 15 min reaction time in the aqueous solvent. The higher catalytic activity of Ru/TiO2 could be explained by both the small size of ruthenium nanoparticles and the better dispersion of the metal on the support, which was proven by TEM analysis in showing average size of ruthenium nanoparticles on the TiO2 support were smaller, namely 2.0 nm, and more uniform compared with their counterparts on the ZrO2 support. Furthermore, the nature of the support plays a crucial role in the heterogeneously ruthenium-catalyzed LA hydrogenation reaction, because the support activates the C=O functionality of LA and ruthenium nanoparticles dissociates dihydrogen. It is highly probable that a strong interaction between small ruthenium particles and TiO2 support takes place which, after activation of the carbonyl moiety on TiO2, generates highly active sites on the coordination sphere of the metal by catalytic relevant ruthenium species for efficient H2 dissociation. With all ruthenium-supported catalysts under various reaction conditions in aqueous medium, the only product obtained was GVL with essentially quantitative selectivity. A remarkable solvent effect has been observed in the LA hydrogenation reaction with 1 wt.% Ru/TiO2 catalysts at 130°C and 40 bar in the presence of aqueous and organic solvents. When water was used as a solvent in the LA hydrogenation the catalytic activity was exceptionally high and reached a value of TOF = 8,707 h−1, whereas with organic solvents such as ethanol and 1,4-dioxane, the catalytic activity dramatically drops down to 3,261 and 1,337 TOF's per hour, respectively, under the same reaction conditions (Table 1). The promotional effect of water was rationalized by assuming that water acts not only as a solvent but also participates as a reactant after dissociation in this aqueous-phase catalytic hydrogenation reaction. To verify this assumption, Tan et al. carried out the LA hydrogenation reaction in D2O and found by NMR and GC/MS analysis of the products that a D atom was bonded to the γ-C atom of the GVL product, which originates not from the dihydrogen reactant but from D2O solvent (Figure 5). Furthermore, the authors mixed GVL with D2O without a D atom to be detected on γ-C atom of GVL, and ruled out an alternative pathway of the incorporation of the D atom in GVL during the hydrogenation reaction of LA in D2O,


Table 1. Ruthenium-based heterogeneous catalysts on solid supports and water-dispersible catalytic nanoparticles for the hydrogenation of LA toward GVL.
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FIGURE 5. Hydrogenation reaction of LA in D2O.


which might be due to an H/D exchange between D2O and GVL. Thus, is proven that the promotional effect of the aqueous solvent in the LA hydrogenation is based on the involvement of water after dissociation as a reactant in the mechanism of this aqueous-phase catalytic reaction. Michel et al. (2014) applied Ru/TiO2, Pt/TiO2, and Pd/TiO2 catalysts possessing a similar metal particle size between 2.1 and 3.2 nm with an uniform distribution of each metal on the titania support in the LA hydrogenation reaction to GVL, under mild reaction conditions of 70°C and 50 bar dihydrogen pressure, using water and tetrahydrofuran as solvents. The catalytic activity of Ru/TiO2 is strongly influenced by the nature of reaction solvent. In the aqueous medium Ru/TiO2 catalysts exhibited the highest catalytic activity to obtain essentially quantitative conversions of LA with a yield of 95 mol% of GVL, whereas in organic solvents such as tetrahydrofuran the Ru/TiO2 system shows no catalytic activity in this hydrogenation reaction. In sharp contrast, the solvent did not influence the catalytic activities of Pt/TiO2 and Pd/TiO2 to obtain with Pt/TiO2 catalysts in both aqueous and organic medium low conversions of LA in the range of 20 up to 30 mol % and yields of GVL between 15 and 20 mol%. A very low catalytic activity has been observed with Pd/TiO2 catalysts under these mild reaction conditions. To explain the obtained experimental results, the authors performed Density Functional Theory (DFT) calculations using acetone as a model substrate containing a C=O functionality chemisorbed on Ru(0001) surface, and proved that the nature of the aqueous solvent is the reason for the higher activity of Ru/TiO2 catalysts in water, because the hydrogen bond of a chemisorbed water molecule on Ru-surface formed with the oxygen atom of an adjacent chemisorbed alkoxy intermediate involved in the reaction mechanism enormously lowers the activation energy barrier of the reaction pathway, resulting in enhanced reaction rates among Ru/TiO2-catalyzed hydrogenation reactions in aqueous media. It should be mentioned that in these DFT calculations the higher activity of ruthenium catalysts in the hydrogenation of acetone in aqueous media was attributed to the formation of hydrogen bonds between chemisorbed water and carbonyl intermediate compounds, and in these calculations the possibility that water may also act as a reactant after dissociation on the ruthenium surface has not been considered. Michel and Gallezot (2015) pointed out that in order to be able to understand the high catalytic activity of ruthenium compared with other transition metals in hydrogenation reactions of starting materials bearing C=O functionalities in water where two mechanisms are operative (the first one includes chemisorbed water molecules which, by hydrogen bonding, lower the energetic span of the reaction pathway to yield the –CH2OH functionality by dissociation of hydrogen, and the second one involves dissociation of water to produce hydrogen atoms to participate in the hydrogenation reaction of the C=O group into a –CH2OH moiety), it is necessary to carry out more isotope labeling experiments and also to perform further improved theoretical investigations including both of these mechanisms. Continuous aqueous-phase hydrogenation reactions of LA in a fixed-bed reactor have been carried out over Ru/C, Ru/Al2O3 and Ru/MgO catalysts at a high temperature of 275°C under atmospheric pressure of dihydrogen, and the results revealed that Ru/C catalysts exhibited higher conversion of LA with higher selectivity toward GVL compared with Ru/Al2O3 and Ru/MgO catalytic systems (Velisoju et al., 2018). The authors further investigated the role of water on the activity over Ru/C catalysts in the continuous hydrogenation of LA toward GVL using various concentrations of LA in water from 70 wt.% down to 5 wt.%, and found that with increasing amounts of water increased both the conversion of LA and the selectivity to GVL, employing probe-adsorbed diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy. Velisoju et al. found that -OH groups were generated in the presence of water on the surface of ruthenium of Ru/C catalyst. According to their proposed mechanism such hydroxyl groups initiate the dehydration step of the enol form of LA to yield α-angelica lactone intermediate, and after isomerization to β-angelica lactone surface ruthenium metal hydride species are responsible for the hydrogenation step of the -C=C- functionality of β-angelica lactone to form GVL (Figure 6). Therefore, the higher catalytic activity of Ru/C catalysts in the presence of water in the vapor phase is because of the easier generation of –OH groups on the surface of ruthenium, and also due to the presence of a larger active ruthenium metal surface area in comparison to the other Ru/Al2O3 and Ru/MgO catalysts. Mamun et al. (2019) studied solvent effects on the reaction kinetics of the hydrogenation reaction of LA into GVL over Ru(0001) catalysts under various conditions, using three media of different polarity—namely water, methanol, and 1,4-dioxane. The presence of the aqueous solvent enormously facilitated the hydrogenation reaction kinetics and this solvent effect is much stronger at temperatures lower than 100°C. For example, at the low reaction temperature of 50°C, a rate increase of 4 orders of magnitude was obtained due to the solvation effect of water. The strongest solvent effect has been observed in the highly polar solvent water and this effect decreases with decreasing polarity of the solvent, i.e., in the order: water > methanol > 1,4-dioxane. Various transition metals such as ruthenium, palladium, platinum, and nickel supported on hydroxyapatite (HAP) have been applied as catalysts in the liquid phase hydrogenation reaction of LA to GVL at 70°C under 5 bar H2 pressure in various solvents such as water, ethanol, and toluene (Sudhakar et al., 2014). The highest catalytic activity exhibited ruthenium catalysts and the rates decrease in the order: Ru > Pt > Pd > Ni. With Ru/HAP catalysts the highest activity has been found to be in the aqueous solvent and the catalytic activity decreased with decreasing polarity of the solvent: water > ethanol > toluene. Sudhakar et al. (2016) further examined the activity of ruthenium, palladium, platinum copper, and nickel catalysts supported on HAP in the vapor phase hydrogenation of LA in the presence of water. The obtained rates with such catalysts have the following order: Ru > Pt > Cu > Pd > Ni. At the reaction temperature of 275°C in the Ru/HAP-catalyzed hydrogenation in the presence of water the LA conversion was 65.1 mol% and the selectivity toward GVL 99.8 mol%. In sharp contrast in the absence of water under the same conditions the conversion of LA gives rise to a dramatic drop to 4.0 mol%, and the only product observed was α-angelica lactone. At the higher temperature of 425°C in the presence of water with Ru/HAP catalysts, the conversion of LA increased to 94.0 mol% with the selectivity to GVL to decrease to 80.5 mol% with concomitant formation of α-angelica lactone (13.0 mol%) and β-angelica lactone (5.5 mol%). Ru/HAP catalysts showed a better activity in the presence of water in comparison to organic solvents such as ethanol and methanol. Gundekari and Srinivasan (2019) prepared α novel hydrous ruthenium oxide (HRO) catalyst precursor by a precipitation method using an aqueous solution of RuCl3·3H2O with CaCO3 and applied HRO systems in the hydrogenation reaction of LA under mild conditions of 50°C and 10 bar dihydrogen pressure to obtain quantitative conversions of LA and yields toward GVL within 30 min in the aqueous solvent. The HRO precursor which possess water molecules strongly bonded to RuOx surface was reduced to catalytic active Ru(0) species under hydrogenation reaction conditions. Quantitative conversions of LA by HRO catalysts precursors were obtained only in the presence of the aqueous solvent, whereas in organic solvents such as THF and methanol the conversions of LA were very low, i.e., between 2 and 5 mol% at 100°C, 10 bar dihydrogen within 15 min reaction time. HRO catalyst precursors supported on H-β zeolite could be recycled in five consecutive runs with the Ru-HRO/H-β catalyst to retain its activity. Guo et al. (2016) investigated the catalytic properties of Ru@MIL-101(Cr) and Ru@MIL-100(Cr) Metal-Organic Frameworks as well as of Ru@HY-zeolite (Si/Al ≥ 5.2) in the hydrogenation of LA into GVL in aqueous media. The highest catalytic activity was exhibited by the Ru@MIL-101(Cr) system to obtain quantitative conversion of LA with an essentially quantitative selectivity toward GVL under mild reaction conditions at 70°C under 10 bar dihydrogen pressure within 5 h reaction time in water. The authors investigated the catalytic behavior of Ru@MIL-101(Cr) in the presence of water and various organic solvents. The strongest solvent effect, i.e., the highest catalytic activity, has been observed in the highly polar aqueous solvent. This effect decreases with decreasing polarity of the solvent, in the order: water > methanol > ethanol > 2-propanol > 1,4-dioxane. Ultrafinely dispersed ruthenium nanoparticles with a mean size of 2.1 nm have been supported on N-doped hierarchically-porous carbon (Ru/NHPC) with the support to be prepared from cellulose, and applied as catalysts in the aqueous-phase hydrogenation of LA to obtain higher activities, selectivity toward GVL, and (especially) stabilities compared with conventional Ru/C catalytic systems (Wei et al., 2018). Recycling experiments have shown that the Ru/NHPC catalytic system could be reused in thirteen consecutive hydrogenation runs at 50°C, 10 bar H2 pressure within 3 h in aqueous media without any obvious deactivation, whereas the Ru/C catalyst under identical conditions was severely deactivated already in the 3rd recycling consecutive run. The authors further compared the catalytic activity of Ru/NHPC systems in water and different organic solvents such as DMF, 1,4-dioxane, cyclohexane, methanol, and ethanol, and found that the highest yields toward GVL were obtained in water in comparison to all used organic solvents.
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FIGURE 6. Proposed mechanism for the hydrogenation of LA to GVL at 275°C on the surface of Ru/C catalyst in aqueous media.


In studies of ruthenium-based catalytic systems a main focus is on the supports, with the aim to improve the efficiency of the catalyst via pre-treatment methods, modification of the nature and control of the properties, and the structure of the support material. Novel ruthenium supported on manganese oxide octahedral molecular sieve (Ru/OMS) systems have been synthesized and applied as catalysts in the hydrogenation of LA at 100°C under 30 bar dihydrogen pressure and a molar ratio of LA/Ru = 3,831 within 1 h in aqueous media (Molleti et al., 2018). Under these conditions the catalytic activity exhibited Ru/OMS catalyst was high (TOF = 3,420 h−1) to give near quantitative conversion of LA and selectivity toward GVL with retained catalytic activity in four recycling consecutive experiments (Table 1). This high catalytic activity exhibited Ru/OMS catalysts could be explained by the moderate acidity of the novel supported system and the high dispersion of ruthenium nanoparticles on the surface. The apparent activation energy of Ru/OMS catalyst in the aqueous-phase hydrogenation of LA was calculated and amounts to only 49.16 kJ/mol. Piskun et al. (2018) have shown that the performance of Ru/TiO2 (anatase) catalysts applied in the aqueous-phase hydrogenation of LA to GVL strongly depends on the synthesis protocol of the catalytic system by varying the nature of the ruthenium precursor, the calcination and/or reduction step, and the amount of dihydrogen in the gas during the reduction step. The highest initial reaction rates in the aqueous-phase hydrogenation of LA to GVL at 90°C and 45 bar dihydrogen pressure were obtained with RuCl3·3H2O catalysts precursors compared to RuNO(NO3)3 precursors (Table 1) without an intermediate calcination step using only 10% H2 in the reduction gas, whereas a calcination step and the presence of a H2 rich reduction gas gives rise to a drop in catalytic activity. The influence of different phases of titania supports, i.e., rutile and anatase on ruthenium and platinum catalysts, has been investigated in the hydrogenation of LA into GVL at 30°C or 70°C under 50 bar of H2 pressure in aqueous media (Ruppert et al., 2015). It has been surprisingly found that the influence of the type of support was not the same for ruthenium and platinum catalysts. The highest catalytic activity was exhibited by ruthenium on TiO2 support, consisting of 10% rutile and 90% anatase to obtain at 70°C quantitative conversion of LA and yield to GVL within 1 h, whereas with Ru on TiO2 support consisting of 100% anatase the conversion of LA was only 38 mol% and the yield to GVL of only 31 mol% under the same conditions. Microscopy studies showed that the ruthenium particles were exclusively located on the less rutile crystallites and could be understood due to a higher adhesion of ruthenium on rutile compared to anatase. In contrast, with platinum on TiO2 support consisting of 10% rutile and 90% anatase, the conversion of LA was 22 mol% and the yield to GVL of 18 mol%, whereas a higher conversion of LA of 54 mol% and a higher yield to GVL of 50 mol% were obtained by platinum catalysts on TiO2 support consisting of 100% of anatase. Novel Ru/TiO2 systems have been synthesized by photoassisted controlled modification of the TiO2 support by addition of calcium and applied as catalysts in the transfer hydrogenation of LA using formic acid as an internal hydrogen source in aqueous media (Wojciechowska et al., 2019). The Ca-modification of Ru/TiO2 catalysts enhanced the performance of both catalytic steps, the transfer hydrogenation of LA into GVL, and also the dehydrogenation of formic acid to yield the dihydrogen reactant. The Ca-modification caused both a decreased size of the anatase crystallite and the formation of a new phase of calcium titanate, resulting in smaller ruthenium metal particles stabilized on the support. The superior catalytic activity of Ca-modified Ru/TiO2 systems could be further understood probably due to the strong interaction between the smaller ruthenium particles with the Ca-modified TiO2 support. Gao et al. (2018) disclosed results on the stability of 2.5 wt.% Ru/ZrO2 catalysts applied in the transfer hydrogenation reaction of LA to GVL with a mixture of formic acid/formate at 150°C in aqueous media, and found that the incorporation of 0.1 wt.% SiO2 to the support enormously stabilized the system and the catalyst Ru/ZrO2-SiO2 retained its activity after recycling in three consecutive runs, whereas the activity of Ru/ZrO2 catalyst significantly decreased after recycling already in the first consecutive run. The catalytic properties of four different Ru/ZrO2 systems have been evaluated in the hydrogenation of LA to GVL in aqueous media; catalytic activity is strongly influenced by the pre-treatment method and the most active catalyst was obtained after impregnation of RuCl3·3H2O on pre-calcined zirconia support, followed by reduction with dihydrogen to give ruthenium metal particles of a size between 3.0 and 4.0 nm with an uniform dispersion (Filiz et al., 2017). Using this Ru/ZrO2 catalyst in the aqueous phase hydrogenation of LA at 170°C under 27 bar of H2 within 7 h at a molar ratio of LA/Ru = 2100, the catalytic activity obtained was 297 TOFs per hour with a conversion of LA of 99.0 mol% and a selectivity toward GVL of 99.9 mol% (Table 1). Stability studies of Ru/TiO2, Ru/ZrO2, and Ru/C catalytic systems have been reported on the hydrogenation reaction of LA to GVL at 150°C under 30 bar dihydrogen pressure in 1,4-dioxane and found that the Ru/TiO2 benchmark catalyst was deactivated just after the first recycling run, whereas the Ru/ZrO2 catalyst maintained its activity even after five recycling consecutive runs (Ftouni et al., 2016). The authors have clearly shown that the presence of the aqueous solvent has a promotional effect in the Ru/ZrO2-catalyzed hydrogenation reaction of LA to GVL. Thus, in a solvent mixture of 1 wt.% water with 99 wt.% 1,4-dioxane an increase in the GVL yield of 25 mol% was observed compared to anhydrous 1,4-dioxane solvent and in a mixture of 10 wt.% water with 90 wt.% 1,4-dioxane the catalytic activity further increased to obtain quantitative GVL yields. Ren et al. (2019) studied a cascade process for the direct conversion of carbohydrates fructose and glucose, and of storage or structural polysaccharides starch or cellulose toward GVL catalyzed by a system comprising the heteropoly acid-based ionic liquid 1-methyl-3-(3-sulfopropylimidazolium) silicotungstate and Ru/ZrO2 in aqueous media. Using this catalytic system at 180°C under argon for 3 h for the dehydration step and then under 40 bar dihydrogen pressure within 10 h for the hydrogenation step, the GVL yields obtained from fructose, glucose, starch, and cellulose were 63, 68, 60, and 60mol%, respectively. Recycling experiments with four consecutive runs have shown deactivation of Ru/ZrO2 catalyst component due to massive coke deposition formed probably from decomposition of humins and α-angelica lactone obtained as side products and intermediates at the reaction temperature of 180°C under acidic conditions. Raspolli Galletti et al. (2013) investigated the one pot approach for the conversion of giant reed (Arundo donax L.) directly to GVL by a combination process of acid catalyzed dehydration and catalytic hydrogenation reactions employing a bifunctional catalyst comprising of Ru/C and niobium phosphate or niobium oxide at a low temperature of 70°C and low dihydrogen pressure, i.e., 5 bar, to yield up to 16.6 mol% GVL, based on dry biomass with an essentially quantitative conversion of the LA intermediate in aqueous media. Xiao et al. (2016) synthesized few-layered graphene (FLG)-supported ruthenium nanoparticles and applied as them catalysts in the hydrogenation of LA in aqueous media to obtain at room temperature under 40 bar of H2 within 8 h a conversion of LA of 99.3 mol% and selectivity toward GVL of 97.7 mol% (Table 1). In five recycling experiments the 2.0% Ru/FLG catalyst retained its activity and exhibited four times higher activity compared with ruthenium catalysts on conventional support of activated carbon (Ru/C). Various ruthenium supported catalysts such as Ru/C, Ru/SiO2, and Ru/Al2O3 have been screened in the hydrogenation of LA into GVL under mild reaction conditions (25°C, 12 bar H2) in the absence of solvents with the Ru/C catalyst to show the highest catalytic activity, whereas Ru/SiO2 and Ru/Al2O3 exhibited significantly lower yields toward GVL (Al-Shaal et al., 2012). The commercial 5 wt.% Ru/C catalytic system has been further applied in the aqueous-phase hydrogenation of LA at 130°C under 12 bar of dihydrogen pressure within 2.7 h reaction time, and exhibited a moderate catalytic activity of 133 TOFs per hour (Table 1). It should be mentioned that conventional Ru/C catalysts suffer from enormous deactivation even at low temperatures and pressures, probably because of the suppressed mass transport of LA through the small-sized micropores resulting in a pore blocking of the carbon material. Primo et al. (2011) investigated the activity of 5 wt.% Ru/TiO2 and 0.64 wt.% Ru/TiO2 catalysts in the aqueous-phase hydrogenation of LA into GVL and found that the activity of 0.64 wt.% Ru/TiO2 is about two times higher compared with the activity of 5 wt.% Ru/TiO2 catalyst (Table 1), and could be explained due to the synergism between the small size of ruthenium nanoparticles and the activation of the carbonyl functionality of LA on the TiO2 support. Highly active ruthenium nanoparticles of a mean size of 1.4 nm supported on ultrathin TiO2 nanosheets with an unique two dimensional (2D) structure have been applied as catalysts in the hydrogenation of LA toward GVL (Table 1) to obtain impressively higher intrinsic catalytic activities (TOF = 19,045 h−1) under relative mild reaction conditions of 100°C and 40 bar dihydrogen pressure within 90 min reaction time, compared with those of conventional Ru/SiO2, Ru/MoS2, and Ru/C catalytic systems, which exhibited 7,089, 693, and 1,909 TOFs per hour, respectively, under identical conditions in aqueous media. It is relevant to point out that the calculation of TOF values in this work (Table 1) is based on surface ruthenium atoms and not on the bulk ruthenium loading (Gao et al., 2019). Recycling experiments have shown that the Ru/TiO2 ultrathin nanosheets catalyst could be reused in six consecutive hydrogenation runs without any deactivation. The apparent activation energy of the Ru/TiO2 ultrathin nanosheets catalyst in the aqueous-phase hydrogenation of LA was calculated and amounts to only 43.4 kJ/mol, which is much lower than that of Ru/C catalyst (Eapp= 87.66 kJ/mol), indicating a different nature of catalytically active sites. Employing high-resolution transmission electron microscopy (HRTEM), X-ray photoelectron spectroscopy (XPS), and temperature programmed reduction of hydrogen (H2-TPR) techniques has been revealed that in the Ru/TiO2 ultrathin nanosheets catalyst the ruthenium atoms are chemically bonded to oxygen atoms of TiO2 support to form Ru-O-Ti bonds, which cause a strong interfacial interaction. Whereas, in Ru/SiO2 and Ru/MoS2 catalysts the ruthenium atoms interact weakly with their supports, although a strong coordination has been observed between each ruthenium with their neighboring ruthenium atoms. The authors performed DFT calculations using a Ru/TiO2 modeled interface or a model of the most exposed Ru (0002) surface for the hydrogenation of LA, and have shown that the preferential mechanistic pathway is hydrogenation of the keto functionality with formation of [image: image], cyclization to GVL-OH and dehydroxylation to give GVL, independent of the structure of the surface. Interestingly, with the Ru/TiO2 interfacial structure, the rate determining step changes from hydrogenation to cyclization compared to Ru (002) surface, where the rate determining step is the hydrogenation one. In addition, to rationalize the results of exceptionally high catalytic activities exhibited by Ru/TiO2 ultrathin nanosheets catalysts where a strong interfacial interaction takes place due to the presence of Ru-O-Ti chemical bonds, we assume that such a system enormously facilitates both the heterolytic dihydrogen cleavage mechanism necessary for the easy hydrogenation of the keto functionality of LA into an alcohol group to yield the 4-hydroxyvaleric acid intermediate (vide supra, Unit 2.1 Hydrogenation of LA into GVL) and the dehydration step, as well to yield GVL. Van Nguyen et al. (2019) prepared via de novo synthesis a RuCl3@MIL-53-NH2 Metal-Organic Framework which was reduced at 500°C under H2/N2 gas flow to obtain the Ru@C-Al2O3 catalyst which consists of ruthenium nanoparticles confined in the C-Al2O3 honeycomb system. Ru@C-Al2O3 catalysts have been applied in the hydrogenation of LA under very mild conditions, i.e., at room temperature and atmospheric pressure of dihydrogen, to obtain a quantitative conversion of LA and a GVL yield of 99.9 mol% within 6 h of reaction time in the aqueous medium. Recycling experiments at 60°C showed that Ru@C-Al2O3 catalyst in aqueous media retained its activity in seven consecutive runs, indicating a stable catalytic system. The apparent activation energy of Ru@C-Al2O3 catalyst was calculated and amounts to 34.66 kJ/mol. Ru/γ-Al2O3 catalysts in the aqueous-phase hydrogenation of LA suffer from mediocre activities and stabilities mainly due to the non-uniform distribution of ruthenium on the support and because γ-Al2O3 is unstable in water (due to the existence of surface hydroxyl moieties) and tends after rehydration to form γ-AlOOH, i.e., boehmite. Tan et al. (2016) prepared functionalized γ-alumina supports such as NH2-γ-Al2O3 to obtain highly dispersed ruthenium nanoparticles (Figure 7) and applied them as catalytic systems in the hydrogenation reaction of LA selectively to GVL in aqueous media. Ru/NH2-γ-Al2O3 catalysts exhibited superior activity and stability compared with their Ru/γ-Al2O3 counterparts. For example, at 70°C with Ru/NH2-γ-Al2O3 catalysts, a TOF value of 3,355 per hour was obtained in the aqueous-phase hydrogenation of LA, whereas with Ru/γ-Al2O3 catalysts the activity was very lower, namely 432 TOFs per hour under the same reaction conditions. In ten recycling experiments the Ru/NH2-γ-Al2O3 catalyst retained its activity albeit the reaction temperature was high i.e., 130°C. Raspolli Galletti et al. (2012) investigated the hydrogenation of LA to GVL catalyzed by commercial 5 wt.% Ru/Al2O3 or 5 wt.% Ru/C catalysts combined with an acid co-catalyst such as the ion exchange resins of the type Amberlyst A70 and Amberlyst A15, niobium phosphate, and niobium oxide in aqueous media. The catalytic system 5 wt.% Ru/C-Amberlyst A70 exhibited the highest catalytic activity (TOF = 558 h−1) at 70°C under 5 bar dihydrogen pressure within 3 h, whereas with the 5 wt.% Ru/C catalyst in the absence of the acid co-catalyst the activity was rather low (TOF = 74 h−1) under the same reaction conditions. Piskun et al. (2016) have screened a series of 1 wt.% ruthenium catalysts supported on carbon, carbon nanotubes, Al2O3, SiO2, TiO2, ZrO2, Nb2O5, and zeolite β-12.5 at 90°C, 45 bar dihydrogen in aqueous media. Ru/β-12.5 catalysts exhibited by far higher catalytic activities even with a factor of 5 in comparison to the other ruthenium-supported catalysts, to obtain a conversion of LA of 94 mol% and selectivity to GVL, and 4-hydroxyvaleric acid of 66 and 34 mol%, respectively, within 2 h of reaction time in water. Zhang et al. (2017) applied highly stable Ru/ZSM-5 catalysts in the aqueous-phase hydrogenation of LA to GVL at a low reaction temperature of 70°C and performed recycling experiments with 10 consecutive runs without any loss of catalytic activity indicating no deactivation of the catalyst which is mainly caused by ruthenium aggregation, leaching and carbon deposition on the catalytically active sites. It has been found that a strong ruthenium-support interaction takes place at a higher tetrahedral–coordinated framework Al content, which minimizes the ruthenium aggregation and leaching under the acidic reaction conditions. Highly dispersed ruthenium nanoparticles consisting of Ru(0) to 59% and of RuO2 to 41%, with an average particle size of 2.3 nm on N-doped carbon nanospheres (Ru/NCS), were used as highly active catalysts (TOF= 9,858 h−1) in the hydrogenation of LA to GVL (Table 1) in aqueous media (Liu et al., 2019). The incorporation of N-dopant in the carbon matrix of the support plays a crucial role in the high dispersion of ruthenium nanoparticles because ruthenium nanoparticle catalysts in the absence of N-doping on carbon nanospheres (Ru/CS) were less active (TOF = 6,985 h−1) and displayed a clear sintering of ruthenium nanoparticles in the aqueous solvent (Table 1). Ndolomingo and Meijboom (2019) immobilized ruthenium, palladium, copper, and chromium nanoparticles with a mean particle size of 2–6 nm on mesoporous metal oxides such as TiO2, MnO2, and NiO, and applied them as catalysts in the LA hydrogenation reaction in aqueous media. At a reaction temperature of 150°C under 20 bar H2 within 5 h, the highest activity (TOF = 101 h−1) was obtained by Ru/TiO2 or Ru/MnO2 catalysts (Table 1) compared to Ru/NiO systems. Under the same conditions the reactivity exhibited Cu/TiO2 catalyst was rather low (TOF = 64 h−1). The catalytic activity of immobilized metal nanoparticles follows the order: Ru ≈ Pd > Cu > Cr and was revealed to be higher in water compared to the solvent-free system. Ruthenium nanoparticles with a mean size of 1.4 nm were embedded on dendrimers, followed by immobilization of the whole system on mesoporous TiO2 supports and then applied as catalysts in the LA hydrogenation reaction in the aqueous solvent in order to obtain LA conversions of 92 mol% with selectivities toward GVL and 2-MTHF of 98 and 2 mol%, respectively, and in organic solvents such as 1,4-dioxane where the conversion of LA was slightly higher (98 mol%) with selectivities to GVL and 2-MTHF of 99 and 1 mol%, respectively, at a reaction temperature of 150°C under 10 bar H2 pressure within 5 h of reaction duration (Nenamashi et al., 2018). Alginates which are polysaccharides in cell walls of macro algae were used to synthesize high surface area TiO2 and binary TiO2/ZrO2 supports for the immobilization of ruthenium nanoparticles applied as catalysts in the hydrogenation of LA toward GVL in aqueous media (Ruppert et al., 2019). The best catalytic performance was obtained with ruthenium nanoparticles possessing a bi-modal particle size distribution consisting of a mean particle size of 1.9 nm and an average size of 3.7 nm on bare TiO2 support, to achieve a conversion of LA of 79 mol% with a yield to GVL of 76 mol% under mild reaction conditions namely 30°C, and 50 bar of dihydrogen within 1 h of reaction time. Ruthenium nanoparticles with an average size of 2.8 nm diameter were encapsulated in sulfonated exchange resins such as DOWEX, and applied as bifunctional catalysts in the aqueous phase hydrogenation of LA to GVL under batch conditions to obtain an activity in the order of 102 TOF's per hour, with a conversion of LA of 98.3 mol% at 70°C, 10 bar H2 within 4 h of reaction time, and under continuous conditions at 70°C with dihydrogen pressures between 48 and 70 bar and contact times of 62–211s to observe conversions of LA between 89 and 100 mol% and excellent durability of the bifunctional Ru@ DOWEX catalyst (Moreno-Marrodan and Barbaro, 2014). The surfactant hexadecyl(2-hydroxyethyl)dimethylammonium dihydrogen phosphate (HHDMA) was used as a water-soluble ligand to modify ruthenium nanoparticles with an average diameter of 1.3 nm on TiSi2O6 support and applied as catalyst in the continuous hydrogenation of LA in water at 100–150°C, under pressures between atmospheric and up to 60 bar of H2 with contact times of 4–16s to obtain selectivities toward GVL higher than 95 mol%, with the selectivity to 1,4-PDO to be in the range of 5 mol% without any deactivation of the catalyst for a period of 15 h (Albani et al., 2017). A comparison to a conventional Ru/C catalyst with an average ruthenium particle diameter of 1.5 nm has shown that the Ru/HHDMA/TiSi2O6 catalytic system exhibited four times higher activity compared with the benchmark Ru/C catalyst which even suffers from severe deactivation due to formation of RuO2. Energy dispersive X-ray (EDX) maps of ruthenium and phosphorus in the Ru/HHDMA/TiSi2O6 system have shown that P is located in the areas where also Ru appears, and therefore it is highly probable that the HHDMA ligand is bounded to ruthenium nanoparticles with the phosphate moiety and to the TiSi2O6 carrier by the NCH2CH2OH functionality. The authors rationalized the results regarding the difference in stability of 0.24wt.% Ru/HHDMA/TiSi2O6 and 5wt% Ru/C catalysts by assuming that in the 0.24wt.% Ru/HHDMA/TiSi2O6 catalyst the phosphate groups of the ligands (ratio of HHDMA/RuNP ~ 250) shield the ruthenium nanoparticles and make difficult the oxygen approach, and also that the ligand-ruthenium interfacial acidity protects ruthenium nanoparticles from the oxidation reaction to form RuO2. Furthermore, DFT calculations revealed that these HHDMA ligand-ruthenium interfacial acidic properties in the highly polar aqueous solvent make it possible that the Ru/HHDMA/TiSi2O6-catalyzed reaction follows a mechanistic path with low energy barriers, resulting in a fourfold increase in catalytic activity.
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FIGURE 7. Synthesis of the Ru/NH2-γ-Al2O3 catalytic system.




Heterogeneous Water-Dispersible Catalytic Nanoparticles

Compared to the widely applied heterogeneous transition metal(0) catalytic nanoparticles (NPs) immobilized on the surface of various solid supports, the application of heterogeneous water-dispersible NPs catalysts constitutes a relatively novel but emerging approach in the field of aqueous-phase catalytic conversions of renewable biomass-derived platform chemicals. The aqueous solvent provides for a higher dispersion of the water-dispersible NPs able to exhibit great catalytic activities and impressive stabilities depending on the nature of the transition metal and especially on the choice of an appropriate stabilizer which plays a key role in keeping NPs with small particle size diameters avoiding aggregation under the reaction conditions, and thus keeping a large surface area due to the high ratio of surface metal atoms to bulk metal loading, which makes available a large number of catalytic active sites to convert the starting material. Consequently, a broad spectrum of various types of NPs stabilizers have been applied in different catalytic reactions which include, inter alia, surfactants, polymers, dendrimers, and also phosphines or nitrogen-containing ligands which are typically applied to modify homogeneous catalytic complexes (Roucoux et al., 2002; Yan et al., 2010; Dykeman et al., 2012; Yuan et al., 2012; Bouriazos et al., 2014; Bulut et al., 2015; Duan et al., 2015). Similar to the homogeneous water-soluble catalytic molecular complexes, the cumbersome separation and recycling of water-dispersible catalytic NPs in the aqueous solvent could be achieved by extraction after external addition of an organic solvent to create a biphasic system, followed by separation of the two phases.

In 2016, Patil and Bhanage studied the hydrogenation reaction of LA catalyzed by water-dispersible Ru(0) nanoparticles (RuNPs) formed in situ from RuCl3·3H2O precursor and polyethylene glycol (PEG) 400, used both as solvent and stabilizer at 110°C within 4 h reaction time in a solvent mixture PEG400/Water of a volume ratio 70/30. They reported a catalytic activity of TOF= 10 h−1 with a conversion of LA and selectivity to GVL of 99 mol%. At a higher temperature of 130°C the catalytic activity increased up to TOF= 40 h−1 with 99 mol% of both conversion of LA and selectivity toward GVL (Table 1). The formation of ruthenium nanoparticles was confirmed by TEM analysis and found nanoparticles of a very large size, i.e., 100–200 nm. Recycling experiments of the RuCl3·3H2O/PEG400/H2O system from the monophasic hydrogenation reaction mixture, followed by recovery of the catalyst by extraction and phase separation of a biphasic system created after addition of diethyl ether, have shown that the catalyst is stable without losing its activity and selectivity for six successive runs. Lower catalytic activities have been obtained in the absence of water using PEG400 alone or various organic solvents such as toluene, 1,4-dioxane, and ethanol. In, 2013 Ortiz-Cervantes and García applied water-dispersible RuNPs with a mean size of 2.4 nm as catalysts in the hydrogenation of LA prepared in situ from Ru3(CO)12 precursors in the absence of stabilizers. This exhibited a catalytic activity of TOF = 143 h−1 with a quantitative conversion of LA and selectivity to GVL at 130°C in aqueous media (Table 1). The 1,4-PDO product was obtained with a selectivity of 4 mol% at a higher temperature and pressure (150°C, 35 bar H2) and longer reaction time (24 h), with the selectivity of GVL to remain 96 mol% at a quantitative conversion of LA. Using RuNPs in organic solvents such as THF, the catalytic activities were lower with those obtained in water, and in the presence of alcohols such as methanol and propanol the main products were their corresponding levulinate esters. Tay et al. (2016) investigated hydrogenation reaction of LA to GVL catalyzed by water-dispersible RuNPs obtained in situ from both monodentate and bidentate p-cymene ruthenium(II) N-heterocyclic carbene (RuNHC) complexes as catalyst precursors in aqueous media. p-cymene RuNHC catalyst precursors with monodentate N-heterocyclic carbene ligands form RuNPS in both water and organic solvents and exhibited much higher catalytic activities in water (TOF = 361 h−1) compared with those obtained in organic solvents such as THF (TOF= 3 h−1), methanol, and isopropanol (Table 1). However, in organic solvents, p-cymene RuNHC catalyst precursors with bidentate N-heterocyclic carbene ligands form stable homogeneous complexes without any formation of RuNPs under hydrogenation reaction conditions and showed moderate catalytic activities. In 2017, Chen et al. synthesized water-dispersible RuNPs on cross-linked β-cyclodextrin with polyethylene glycol diglycidyl ether (PEG-CD) stabilizers and applied them as catalysts in the hydrogenation of LA to GVL in aqueous media. Ru@PEG-CD catalysts with an average particle size of 1.7 nm exhibited slightly higher activity compared to RuNPs with polyvinyl pyrrolidone (PVP), one of the most applied stabilizers, with a mean size of 2.3 nm at 80°C in water (Table 1). However, the Ru@PEG-CD catalytic system could be recycled in four consecutive runs without losing its activity, whereas the Ru@PVP catalyst already suffered from serious deactivation in the second recycling run. Protsenko et al. (2016, 2017, 2018) prepared RuO2 nanoparticles on hypercrosslinked polystyrene stabilizers containing amino groups (5% Ru/MN100) and on stabilizers without functionalities (5% Ru/MN270), and systematically studied the influence of operating reaction parameters on the catalytic activity of both systems applied in the hydrogenation reaction of LA selectively to GVL under mild conditions in aqueous media. It was found that 5 wt.% Ru/MN100 catalysts exhibited the highest activity (conversion of LA: 85 mol%), which was even superior to the activities obtained with commercial 5 wt.% Ru/C catalysts (conversion of LA: 64 mol%) under the same conditions (90°C, 20 bar H2, 50 min) in aqueous media, albeit the surface of Ru/C catalyst consists to 12.5% of Ru(0) and to 87.5% of RuO2 with a different degree of hydration, whereas the composition of the surface of Ru/MN100 catalyst consists to 100% of RuO2 with different degrees of hydration. This is remarkable because Ru(0) catalysts usually exhibit much higher activities compared to RuO2 in the LA hydrogenation reaction in aqueous media. Kubo et al. (2016) prepared water-dispersible boronate nanoparticles coated by polyethyleneimine (BNP) with an average diameter of 121 nm and used as support materials for ruthenium, palladium, and platinum nanoparticles with mean diameters <1 nm to catalyze the hydrogenation reaction of LA in aqueous media under mild conditions (100°C, 8 bar H2, 4 h). The highest conversion of LA (94.6 mol%) was obtained with Ru/BNP catalyst, which was stable in four recycling runs, whereas Pt/BNP and Pd/BNP catalysts exhibited lower activities to give conversions of LA of 46.9 and 24.4 mol%, respectively, with essentially quantitative selectivity toward GVL with all three catalysts. The authors further applied Ru/BNP catalysts in the LA hydrogenation reaction in organic media such as ethanol and toluene with however much lower activities in both solvents in comparison to water. RuNPs with an average size of 3.0 nm randomly distributed on the surface of a cross-linked sulfonated polyethersulfone (SPES) support were used as catalysts for the hydrogenation of LA to afford GVL in quantitative selectivity with a conversion of LA up to 87.9 mol% at 70°C under 30 bar H2 within 2 h in aqueous medium (Yao et al., 2014). The swelling properties of SPES support in water facilitated both the adsorption of LA to ruthenium catalytic active sites for its hydrogenation to yield 4-hydroxyvaleric acid intermediate, and to access easily the –SO3H acid sites for its dehydration reaction to give by intramolecular esterification the GVL product.



Homogeneous Water-Soluble Catalytic Complexes

The use of homogeneous water-soluble transition metal catalytic complexes in aqueous media is of great interest, particularly in the aqueous/organic biphasic mode, owing to the possibility for the heterogenization of homogeneous catalysis, which combines many advantages: (i) high activities and selectivities even under mild conditions by fine tuning of the coordination sphere of the transition metal employing a wide spectrum of water-soluble ligands in the aqueous solvent (Papadogianakis and Sheldon, 1996), (ii) easy and quantitative recovery of the catalyst in active form from organic reaction products by simple phase separation of the biphasic system and facile catalyst recycling. Consequently, numerous steps in classical homogeneous industrial processes are rendered superfluous and process engineering is enormously simplified, resulting in substantial energy savings and lower emissions (Papadogianakis and Sheldon, 1997) and (iii) new types of catalytic reactivities have been observed in the aqueous medium. The catalytic activities were much higher in water compared to organic solvents in various and different types of catalytic reactions such as hydrogenation (Moustani et al., 2018), hydrocarboxylation (Papadogianakis et al., 1997), and hydroformylation reactions (Fremy et al., 1995), which contrasts with the general perception that aqueous-phase catalysis normally exhibits lower rates compared to analogous catalytic reactions in organic solvents. Water-soluble rhodium catalytic complexes with trisulfonated triphenylphosphine ligands (TPPTS, Figure 8) have found important industrial applications such as in the Ruhrchemie/Rhône-Poulenc process for the hydroformylation of the lower olefins propylene and 1-butene, which is rich in the raffinate II mixture [raffinate II consists of 1-butene, 2-butenes (cis/trans) and butanes (n-/iso-) obtained from C4-stream of naphtha crackers] and in the Rhône-Poulenc process for the synthesis of vitamin E and A intermediates in aqueous/organic two-phase systems. Moreover, water-soluble palladium and rhodium complexes with monosulfonated triphenylphosphine ligands (TPPMS, Figure 8) have been used as catalysts in the aqueous/organic biphasic system in the Kuraray process, which is a four step process for the hydrodimerization of 1,3-butadiene to produce 1,9-non-anediol and 1-octanol as well (Papadogianakis et al., 1997). The hydrogenation reaction of LA in the aqueous solvent catalyzed by water-soluble ruthenium complexes proceeds in a monophasic system mode because LA is a polar and hydrophilic starting material. Therefore, the separation of water-soluble ruthenium catalytic complexes from aqueous one-phase LA hydrogenation reaction mixture proceeds with biphasic recovery of the catalyst in active form from organic reaction products by extraction and simple phase separation of an aqueous/organic two-phase system created after external addition of an organic solvent such as ethyl acetate or diethyl ether, which finally results in a facile recycling of the water-soluble catalyst.
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FIGURE 8. Structures of the water-soluble ligands triphenylphosphinetrisulfonic acid trisodium salt (TPPTS), triphenylphosphinemonosulfonic acid monosodium salt (TPPMS), n-butyldiphenylphosphinedisulfonic acid disodium salt (BDPPDS), tris(2,4-dimethylphenyl)phosphinetrisulfonic acid trisodium salt (TDMPPTS), 1,3,5-triaza-7-phosphaadamantane (PTA), tris(2-carboxyethyl)phosphine (TCEP), bathophenanthrolinedisulfonic acid disodium salt (BPhDS), bathocuproinedisulfonic acid disodium salt (BCDS), 2-aminoethanesulfonic acid (Taurine), nitrilotriacetic acid trisodium salt (NTA·Na3), ethylenediaminetetraacetic acid tetrasodium salt (EDTA·Na4), 2,2′-biquinoline-4,4′dicarboxylic acid dipotassium salt (BQC), tris(2-pyridyl)phosphine (T2PyP), N,N′-2,2′-bipyridine-4,4′-dicarboxylic acid (BPyDCA), diethylenetriaminepentakis(methylphosphonic acid) (DTPPA), diethylenetriaminepentaacetic acid pentasodium salt (DTPA·Na5) and 3-pyridinesulfonic acid (3-PSA).


The advent of aqueous-phase LA hydrogenation reactions catalyzed by homogeneous water-soluble ruthenium complexes could be traced back to 1977 with the pioneering work of F. Joó on hydrogenate keto carboxylic acids, such as pyruvic acid and LA by water-soluble Ru/TPPMS catalytic complexes in aqueous monophasic systems (Joó et al., 1977). Mehdi et al. (2008) reported the aqueous monophasic hydrogenation of LA catalyzed by water-soluble Ru(acac)3/TPPTS complexes at 140°C under 69 bar hydrogen pressure at molar ratios of LA/Ru = 600 and TPPTS/Ru = 10 within 12 h to yield 95% GVL, which was isolated after extraction by means of a biphasic system created by external addition of ethyl acetate (Mika et al., 2015). In Chalid et al. (2011) studied the biphasic hydrogenation of LA to GVL catalyzed by water-soluble RuCl3·3H2O/TPPTS systems at molar ratios of LA/Ru= 100 and TPPTS/Ru = 1, a pH value of 7, a reaction temperature of 90°C under 45 bar hydrogen pressure within 1 h to observe a conversion of 82% of LA in a dichloromethane/water (volume ratio = 100/25) two-phase system which could allow recovery and recycling of the catalyst. In a recycling experiment, however, the RuCl3·3H2O/TPPTS catalyst was partially deactivated because in the first run the conversion of LA was 81% and in the followed catalyst recycling experiment only 55% of LA was converted. Tukacs et al. (2012) described the hydrogenation of LA catalyzed by Ru(acac)3 modified with several water-soluble sulfonated alkylphenylphosphines under solvent-free conditions and found that the Ru(acac)3 precursor modified with the disulfonated diphenylbutylphosphine ligand (BDPPDS, Figure 8) exhibited the highest catalytic activity of 3,540 TOFs per hour under 100 bar hydrogen pressure at 140°C and molar ratios of LA/Ru = 6,370 and P/Ru = 10 within 1.8 h reaction time to yield 99.9% GVL. Recycling experiments of the Ru/BDPPDS catalyst were carried out using the technique of separation by distillation of volatile compounds under reduced pressure from homogeneous catalyst and addition of a new portion of LA without a significant decrease in catalytic activity for six consecutive runs. Delhomme et al. (2013) disclosed the hydrogenation reaction of LA in aqueous monophasic systems using RuCl3·3H2O and Ru(acac)3 catalyst precursors modified with water-soluble phosphine ligands such as TPPTS, TPPMS, trisulfonated tris(2,4-dimethylphenyl)phosphine (TDMPPTS), 1,3,5-triaza-7-phosphaadamantane (PTA) and tris(2-carboxyethyl)phosphine (TCEP) (Figure 8) at 140°C under 50 bar of dihydrogen pressure, molar ratios of LA/Ru = 100–600 and of P/Ru = 3.25–10 within 5 h reaction time. The highest activity of TOF = 210 h−1 was exhibited by the RuCl3·3H2O/TPPTS catalytic system, whereas with the Ru(acac)3/TPPTS system the activity was lower to achieve 202 TOF's per hour, and the conversion of LA and selectivity to GVL were 99 and 97 mol%, respectively. Moustani et al. (2018) investigated the hydrogenation reaction of LA using RuCl3·3H2O, Ru(NO)(OAc)3, Ru(NO)(NO3)3, Ru(acac)3, [Ru(NO)]2(SO4)3, and RuO2·H2O catalyst precursors modified with water-soluble phosphine and especially with nitrogen-containinig ligands such as TPPTS, PTA, bathophenanthrolinedisulfonic acid disodium salt (BPhDS), bathocuproinedisulfonic acid disodium salt (BCDS), 2-aminoethanesulfonic acid (taurine), nitrilotriacetic acid trisodium salt (NTA·Na3), ethylenediaminetetraacetic acid tetrasodium salt (EDTA·Na4), 2,2'-biquinoline-4,4'dicarboxylic acid dipotassium salt (BQC), tris(2-pyridyl)phosphine (T2PyP), N,N'-2,2'-bipyridine-4,4'-dicarboxylic acid (BPyDCA), diethylenetriaminepentakis(methylphosphonic acid) (DTPPA), diethylenetriaminepentaacetic acid pentasodium salt (DTPA·Na5) and 3-pyridinesulfonic acid (3-PSA) (Figure 8) in the aqueous monophasic system. The highest activity of TOF = 3,000 h−1 was obtained with RuCl3·3H2O/BPhDS catalysts at 140°C, 80 bar H2 pressure within 1 h and molar ratios of LA/Ru = 3,000 and BPhDS/Ru=1 with addition of 5 ml of aqueous solvent by a ruthenium concentration of 75 ppm and pH value of 2.43 where the conversion of LA was quantitative with essentially quantitative selectivity to GVL of 99.9 mol% and formation of only 0.1 mol % of the 1,4-PDO byproduct. The apparent activation energy of the Ru/BPhDS catalytic system amounts a relative low value of 53.3 kJ/mol, which is remarkable when one considers that this catalyst reduces a less reactive keto functionality into an alcohol group. Recycling experiments of the Ru/BPhDS catalyst from the aqueous monophasic LA hydrogenation reaction mixture, followed by biphasic recovery of the catalyst in active form from organic reaction products by extraction and simple phase separation of an aqueous/organic two-phase system created after external addition of diethyl ether, has shown that the catalyst is stable without loss of activity and selectivity in a consecutive run. The presence of organic solvents gives rise to a dramatic drop in catalytic activities which was obvious during the recycling experiments of the Ru/BPhDS catalytic system. After the hydrogenation run it is crucial to add small amounts of the organic solvent, i.e., only up to 10 ml of diethyl ether to the aqueous monophasic reaction mixture (10 ml), to form a biphasic system for the recovery and recycling of the Ru/BPhDS catalyst. In the case that higher quantities of diethyl ether were added for the extraction, the catalytic activity exponentially decreased in the consecutive LA hydrogenation run due to the minor amount of diethyl ether which was inevitably dissolved in the aqueous catalyst solution.




One-Pot Hydrogenation of LA Into VA, 1,4-PDO, 2-MTHF, 2-Pentanol and 2-Butanol

The catalytic hydrogenation of LA beyond GVL to yield VA, which in the presence of alcohols under acidic conditions forms alkyl valerate biofuels and 1,4-PDO followed by dehydration to obtain 2-MTHF (Figure 9), is a difficult reaction which usually takes place in the gas-phase often in the presence of platinum-based heterogeneous catalysts under severe conditions i.e., high temperatures and/or high dihydrogen pressures. For example, Kon et al. (2014) described how the one-pot hydrogenation of LA catalyzed by Pt/H-ZSM-5 at 200°C under solvent-free conditions yielded up to 99 mol% VA. Whereas, with methanol up to 87 mol% methyl valerate, Lange et al. (2010) disclosed the one-step conversion of GVL into valeric esters over Pt/TiO2 catalysts with a selectivity of 20–50 mol% pentyl valerate at higher temperatures of 275–300°C. Ruthenium-catalyzed one-pot hydrogenation reactions of LA into VA and 1,4-PDO are rare probably because ruthenium-based catalysts in the gas-phase suffer from drawbacks such as poor hydrogenation activity compared to analogous platinum and other transition metals-based counterparts applied in the gas-phase. The first example of one-pot hydrogenation reaction of LA into VA was reported by Luo et al. (2013), and deals with the application of the Ru/H-ZSM catalyst which contains strongly acidic sites able to catalyze the most difficult step in that sequence which is considered to be the rate-limiting step, namely the ring-opening reaction of GVL to yield at 200°C under 40 bar of dihydrogen pressure up to 45.8 mol% VA together with alkyl valerate co-products. The Ru/H-ZSM catalyst suffers from gradual deactivation, which could be attributed to dealumination resulting in a loss of catalytically active acid sites. At the higher temperature of 200°C the acid-catalyzed dehydration reaction of LA takes place with formation of α-angelica lactone, which polymerizes on the acidic sites to yield coke that after deposition also deactivates the Ru/H-ZSM catalyst. Bababrik et al. (2017) disclosed DFT calculations to present in detail the reaction mechanism of GVL conversion on Ru(0001) surfaces. The authors have shown that the GVL ring-opening step through breaking the C(1)-O(2) bond (Figure 10) proceeds rather easily with an activation energy of 25 kJ/mol and exothermicity (-31 kJ/mol), and the rate-limiting step is the hydrogenation step of the formed acyl intermediate CH3CH(O*)-(CH2)2-C*-O* with an activation barrier of 146 kJ/mol and endothermicity (+74 kJ/mol) to yield 1,4-PDO. In contrast, the alternative pathway of GVL ring-opening through breaking the C(4)-O(2) bond (Figure 10) proceeds with more difficulty with a much higher energy barrier of 122 kJ/mol, which leads to VA (Rozenblit et al., 2016). Aqueous-phase hydrogenations of GVL catalyzed by 5 wt.% Ru/C were carried out by Rozenblit et al. (2016) at 200°C under 69 bar dihydrogen pressure to obtain a conversion of GVL of 10.3 mol% and a spectrum of products with a yield of 4.95 mol% 2-butanol, formed after C-C bond cleavage in a decarbonylation step of the surface acyl intermediate CH3CH(O*)-(CH2)2-C*-O* obtained after GVL ring-opening, and further 4.63 mol% 1,4-PDO after hydrogenation of the acyl intermediate, 0.64 mol% 2-MTHF after dehydration of 1,4-PDO and cyclization, and 0.08 mol% 2-pentanol obtained after deoxygenation and further hydrogenation of the surface CH3CH(O*)-(CH2)2-C*-O* acyl intermediate. Cui et al. (2018) studied the continuous one-pot aqueous-phase hydrogenation reaction of LA catalyzed by molybdenum-modified Ru/C catalysts to obtain almost quantitative conversion of LA and selectivities of 96.7 mol% 1,4-PDO, 0.2 mol% 2-MTHF, 0.5 mol% GVL, 0.6 mol% 2-butanol and 2.0 mol% 2-pentanol using an atomic ratio of Mo/Ru= 0.25 under mild conditions at 70° C and 40 bar dihydrogen pressure. In situ FTIR investigations revealed that RuNPs are responsible for the activation and dissociation of the dihydrogen reactant and on Mo catalytically active species the absorption and activation of the keto functionality of LA starting material takes place. The Ru-MoOx/C catalyst remained stable for a period of 200 h continuous one-pot LA hydrogenation reaction toward 1,4-PDO without any deactivation. Lv et al. (2018) reported the one-pot aqueous-phase hydrogenation of LA catalyzed by nanoporous ruthenium-based catalysts to obtain at 100°C under 60 bar H2 within 6 h reaction time a yield of 74.6 mol% 1,4-PDO, 1.9 mol% 2-MTHF, 4.6 mol% GVL, 10.4 mol% 2-butanol and 5.0 mol% 2-pentanol. At a higher temperature of 140°C the yields of both 2-butanol and 2-pentanol were increased to 63.6 and 15.2 mol%, respectively, with, however, a low yield of 1,4-PDO of 0.9 mol%. Mizugaki et al. (2017) and Mizugaki and Kaneda (2019) investigated the one-pot hydrogenative C-C bond cleavage reaction of LA catalyzed by RuNPs with an average particle diameter of 3 nm supported on CeO2 to achieve almost an quantitative conversion of LA and a yield of 85 mol% 2-butanol and of 5 mol% 2-pentanol at 150°C under 30 bar dihydrogen pressure within 12 h reaction time in aqueous media. The presence of the aqueous solvent is indispensable in the Ru/CeO2-catalyzed hydrogenative C-C cleavage reaction of LA toward 2-butanol, because in organic solvents such as 2-propanol, THF or dimethoxyethane the yield to 2-butanol was only up to 5 mol% and the major products were GVL of 70 mol% and 1,2-PDO of 23 mol%. Licursi et al. (2018) studied a cascade process for the direct conversion of LA or GVL into 2-MTHF or 2-butanol and 2-pentanol, employing commercially available catalysts in the aqueous solvent. The authors used for the first time a catalyst combination of Ru/C along with Re/C, together with niobium phosphate to obtain selectivities toward 2-MTHF of 28 mol% or 65 mol % from LA or GVL substrates, respectively. In sharp contrast employing a catalyst combination comprising of Ru/C and HY zeolite at 200°C under 30 bar dihydrogen pressure, the reaction takes another course and yields a mixture of 2-butanol with 2-pentanol of 88.8 mol% and 100 mol% from LA and GVL starting materials, respectively, in aqueous media.
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FIGURE 9. Hydrogenation of LA beyond GVL to yield VA for the production of valeric biofuels and 1,4-PDO followed by dehydration to form 2-MTHF.
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FIGURE 10. Ring-opening pathways of GVL through breaking the C(1)-(O)2 bond which after hydrogenation eventually leads into 1,4-PDO and through C(4)-(O)2 bond breaking into VA.





SUMMARY AND OUTLOOK

The catalytic hydrogenation route for the valorization of LA has received considerable interest recent years because of the wide range of potential applications of LA's hydrogenation products which include, inter alia, advanced biofuels, fine chemicals, solvents and additives to gasoline or to food. In the last decade the hydrogenation reactions of LA into GVL, which is a key intermediate compound, and beyond GVL to yield VA, 1,4-PDO, 2-MTHF, 2-pentanol, and 2-butanol have gained a lot of attention and various transition metal catalytic systems have been developed in the absence and presence of organic or aqueous solvents. Remarkable progress has been made, however, in the application of ruthenium-based catalytic systems which have been used extensively due to the inherent ability of ruthenium under mild conditions to hydrogenate the carbonyl functionality of levulinic acid selectively into an alcohol group to form 4-hydroxyvaleric acid intermediate, which spontaneously after dehydration and cyclization yields GVL. This critical review has summarized and discussed the progress made in the last decade in the field of aqueous-phase ruthenium-catalyzed hydrogenation reactions of LA employing heterogeneous catalysts on solid supports and heterogeneous water-dispersible catalytic nanoparticles or homogeneous water-soluble catalytic complexes with biphasic catalyst separation. The significance of the aqueous solvent to carry out catalytic hydrogenation reactions of LA has been highlighted because the presence of water combines many environmental and economic benefits. Therefore, this review constitutes a guidance for the development of novel efficient ruthenium-based catalytic systems which would be more active and especially capable for the one-pot hydrogenation of LA toward VA, 1,4-PDO, 2-MTHF, 2-pentanol and 2-butanol. At the same time it offers guidance on more stable and recyclable systems suitable as catalysts for industrial-scale LA hydrogenation reaction in green and sustainable aqueous solvents to be integrated into biorefineries of the future.
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As the most abundant polysaccharide in lignocellulosic biomass, a clean and renewable carbon resource, cellulose shows huge capacity and roused much attention on the methodologies of its conversion to downstream products, mainly including platform chemicals and fuel additives. Without appropriate treatments in the processes of cellulose decompose, there are some by-products that may not be chemically valuable or even truly harmful. Therefore, higher selectivity and more economical and greener processes would be favored and serve as criteria in a correlational study. Aqueous phase, an economically accessible and immensely potential reaction system, has been widely studied in the preparation of downstream products of cellulose. Accordingly, this mini-review aims at making a related summary about several conversion pathways of cellulose to target products in aqueous phase. Mainly, there are four categories about the conversion of cellulose to downstream products in the following: (i) cellulose hydrolysis hydrogenation to saccharides and sugar alcohols, like glucose, sorbitol, mannose, etc.; (ii) selective hydrogenolysis leads to the cleavage of the corresponding glucose C-C and C-O bond, like ethylene glycol (EG), 1,2-propylene glycol (PG), etc.; (iii) dehydration of fructose and further oxidation, like 5-hydroxymethylfurfural (HMF), 2,5-furandicarboxylic acid (FDCA), etc.; and (iv) production of liquid alkanes via hydrogenolysis and hydrodeoxygenation, like pentane, hexane, etc. The representative products were enumerated, and the mechanism and pathway of mentioned reaction are also summarized in a brief description. Ultimately, the remaining challenges and possible further research objects are proposed in perspective to provide researchers with a lucid research direction.

Keywords: cellulose, hydrolysis, hydrogenolysis, biorefinery, catalysis, aqueous phase


INTRODUCTION

To alleviate the adverse impact caused by excessive consumption of traditional fossil fuels, finding a green-renewable-sustainable resource on Earth that could be regarded as a replacement of fossil has aroused much attention nowadays. Meanwhile, this resource that we are striving to find could not only meet the global growing energy needs but also demonstrate the potential of promising block for application in the fields of crucial medicines, high value-added chemicals, and functional materials, etc. (Delbecq et al., 2018). Lignocellulosic biomass, the most promising renewable resource on the planet, has already been integrated into the blueprint of energy system for its high economic and practical application value (Den et al., 2018). In common, lignocellulosic biomass consists of 10–25% lignin, 20–35% hemicellulose, and 35–50% cellulose. Serving as the most abundant component of lignocellulosic biomass, cellulose plays a vital role not only in the field of utilizing of renewable resource but also in providing more possibilities for the production of a battery of high value-added chemicals (Wang et al., 2019). Therefore, how to efficiently catalyze the conversion of cellulose to desirable products by hydrolysis and subsequent reactions is challengeable and has become the meritorious object pursued by researchers.

Well-known that the cellulose molecules in biomass are formed by the glucose units linked by β-1,4 glycosidic bonds and the molecular chains are connected to each other through numerous hydrogen bonds (Singh et al., 2016). Therefore, the primary premise of being able to take full advantage of cellulose is to break those β-1,4 glycosidic bonds and hydrogen bonds. At the outset, direct pyrolysis of cellulose has been paramount considered as an efficient means to obtain target fuels and chemicals (Atalla and Vanderhart, 1984). The degree of polymerization of cellulose begins to decrease with the increase of pyrolysis temperature; meanwhile, hydrogen bonds (Xin et al., 2015) and β-1,4 glycosidic bonds (Yu et al., 2012) are successively broken. In view of the effect of β-1,4 glycosidic linkage, multiformity of end-products and complexity of reactions in the research of cellulose pyrolysis, cellulose model compounds (including cellotriose, cellobiose, glucose, etc.) are usually adopted as selection objects (Paine et al., 2007; Mayes et al., 2014; Zhang et al., 2015a; Zhang M. et al., 2015; Gao Z. et al., 2019). Moreover, the degree of polymerization and positions and orientation of glycosidic linkages about organic product speciation were also investigated among different model compounds when comparing to the elementary products distribution after pyrolysis of glucose and its oligomers (Patwardhan et al., 2009). Researchers found that the positions and orientation of glycosidic linkages caused an insignificant effect on elementary products distribution except for the case of dextran, the elementary product—levoglucosane yield trend follows the order: monosaccharide < disaccharides < oligosaccharides < polysaccharides. Although pyrolysis is a capable method in the field of directly converting cellulose, it is limited to its single conversion means and more complicated uncontrollable reactions, making it difficult to obtain a specific target product directly through a specified reaction path. Therefore, researchers are also promoted to explore other effective ways to convert cellulose to the target products.

In the past few decades, researchers have endeavored to overcome the obstacles in the process of cellulose biorefinery, such as intrinsic robust, complex, and heterogeneous structure of cellulose, so as to depolymerize cellulose into intermediary monosaccharide and further transformation to other high value-added chemicals. Pursuing the philosophy of efficient conversion of cellulose and hydrolyzed monosaccharide, organic solvent, biphasic solvent, ionic liquid, and aqueous-phase solvent systems were adopted and confirmed that high selectivity and yield of downstream products could be obtained (Ji et al., 2008; Van Putten et al., 2013; Wang et al., 2015; Mariscal et al., 2016; Zhang Z. et al., 2017). For instance, a biphasic system made up of water and biomass-derived γ-valerolactone (GVL) has achieved a great progress in the hydrolysis of lignocellulosic biomass into various carbohydrates by disrupting the hydrogen-bond network or decreasing the transparent activation energy (Mellmer et al., 2014a; Li W. et al., 2017; Xin et al., 2017; Zhang T. et al., 2017; Zhang et al., 2019). It is also demonstrated that 5-hydroxymethylfurfural (HMF) is inclined to be steady due to the existence of GVL–water biphasic solvent system and reduce the occurrence of side reactions, thereby promoting the reaction toward the target product. In addition, not confined to monosaccharide, cellulose can also be directly converted into HMF with higher yield in tetrahydrofuran (THF)/H2O-NaCl biphasic system using Sn-Mont catalyst and THF–seawater biphasic system even without any acid added (Wang et al., 2012; Li et al., 2018). In essence, the yield could be enhanced because HMF can be simultaneously extracted into organic phase after formation in a biphasic system, which could maintain HMF in a steady state and avoid the occurrence of some side reactions. And further studies also confirmed that the reaction kinetics can be influenced by aprotic organic solvents (e.g., GVL, THF) in the way of transforming the stabilization of the acidic proton vs. the protonated transition state, resulting in enormous increases of reaction rates and product selectivity in acid-catalyzed systems (Mellmer et al., 2014b, 2018). Moreover, ionic liquids as novel catalysts have shown its giant potential in the conversion of various raw biomass materials and their derivatives that could accord with the demand of green chemistry (Zhang et al., 2005; Li and Zhao, 2007; Li et al., 2008; Zavrel et al., 2009). For example, an ionic liquid for cellulose hydrolysis named 1-butyl-3-methylimidazolium chloride [(C4mim)Cl] has been verified to accelerate reaction rates so that facilitating the hydrolysis of cellulose dramatically under atmospheric pressure. In [C4mim]Cl solvent, cellulose could completely dissolve and then form a homogeneous solution, which made the H+ more accessible to the β-1,4 glycosidic bonds so as to promote the reaction process (Li and Zhao, 2007). In addition, two Brønsted acidic ionic liquid catalysts [1-(3-proylsulfonic)-3-methylimidazolium chloride and 1-(4-butylsulfonic)-3-methylimidazolium chloride] were successfully applied to the further conversion to furanic biocrude products including HMF after cellulose hydrolysis, and several products formed from aldol condensation of HMF with one to three acetone molecules and some other HMF ether products (Amarasekara and Reyes, 2019).

Even a series of organic solvents and ionic liquids reported previously has exhibited a certain level of activity in the conversion of biomass raw materials and derived model compounds, aqueous-phase solvent has the most practical application value especially in economics to obtain downstream products in view of the difficulty of separation recovering the organic solvents after reaction and expensive price of ionic liquids.



CATEGORIES OF CELLULOSE CONVERSION

Cellulose conversion includes both conversion between different cellulose forms (such as microcrystalline cellulose, cellulose nanocrystals, cellulose acetate, cellulose nitrate could be obtained) and deep cellulose degradation to small-molecule chemicals. This review would focus on the deep cellulose degradation to representative small molecular chemicals in aqueous phase, which is also different from those reviews about introducing cellulose conversion in the field of catalyst, reaction pathway, or organic solvent effects (Shuai and Luterbacher, 2016; Jing et al., 2019; Pang et al., 2019). Cellulose can be catalytically converted into various chemicals as the established reaction paths under aqueous-phase reaction atmosphere, sugars (glucose, fructose, sorbitol, mannitol, etc.), furan compounds [HMF, N,N-dimethylformamide (DMF), 2,5-furandicarboxylic acid (FDCA), etc.], alcohols [ethylene glycol (EG), ethanol, erythritol, 1,2-propanediol, etc.], liquid hydrocarbons (pentane, hexane, methylcyclopentanone, etc.), phenols and other pharma [hydroxyacetone (HA), 1-hydroxy-2-butanone (HB), etc.], or polymer building blocks are available.

In summary, there are mainly four categories of reactions during biorefinery and catalytic process of cellulose degradation in aqueous phase are summed up hereinafter (Scheme 1): (i) cellulose hydrolysis and hydrogenation to sugar alcohols; (ii) selective hydrogenolysis of glucose to alcohols by fracturing the corresponding C-C and C-O bond; (iii) further dehydration and hydrogenation of fructose (glucose isomerization) to HMF and its derivatives; (iv) via hydrogenolysis and hydrodeoxygenation to liquid alkanes. Some other reaction types may be also referred, including but not limited to isomerization, epimerization, oxidation, aldol condensation, or hydration, and all the reaction types abovementioned are carried out in aqueous phase. In addition to those abovementioned, a very hot topic about using enzymes as green and sustainable catalysts for the processing of cellulose conversion and the production of derived green solvents would also be introduced, such as bioethanol, levoglucosenone, and dihydrolevoglucosenone (cyrene).
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SCHEME 1. Conversion of cellulose to platform chemicals and fuels.



Cellulose Hydrolysis Hydrogenation to Saccharides and Sugar Alcohols
 
Polysaccharides

For a better understanding of the cellulose hydrolysis process, high degree of polymerization of cellulose is hydrolyzed to cello-oligosaccharides firstly, which are biologically important molecules that can be directly used in agricultural and food industries that are made up of 10 or less glucose units linked by β-1,4 glycosidic bonds and could be degraded to a single glucose unit fleetly. Homogeneous catalysts could dissolve and hydrolyze cellulose. Eighty-five percent H3PO4 solution and 3.8% HF/SbF5 were tested for the synthesis of cello-oligosaccharides from cellulose (Liebert et al., 2008; Martin-Mingot et al., 2012). Although acceptable activities were achieved, the difficulty for catalysts recycling, water pollution problems, and certain operational risk limited the application of such catalysts. Subsequently, carbon materials containing oxygenated functional groups as heterogeneous catalysts are stabilized under the hydrothermal and high-pressure conditions requested for cellulose hydrolysis (Kobayashi et al., 2013; Charmot et al., 2014; Zhao et al., 2014). Reaction mechanisms reveal that cellulose adsorbed on the carbon material surface primarily relies on CH-π and hydrophobic interactions, and then the acidic functional group designed on the catalyst surface acting on the β-1,4 glycosidic bonds resulting in the hydrolysis of cellulose to cello-oligosaccharides (Yabushita et al., 2014; Kobayashi et al., 2015). Food-grade activated carbon with weak acidity after being oxidized in air shows a good ability in the field of cellulose conversion to cello-oligosaccharides, 56% yield of target product were obtained in batch reactor with 40 ml distilled water under 453 K after 20 min (Chen et al., 2019). Consistent with the literatures abovementioned, with good adsorption of catalyst to cellulose, acidic functional groups on activated carbon surface and high space velocity are essential to make a contribution to maximize the product yield.



Glucose

Besides polysaccharides, glucose is the target product during the conversion of cellulose as it is a significant precursor to all kinds of valuable chemicals and fuels (Alonso et al., 2010). Hence, the efficient hydrolysis of cellulose to glucose is one of the most important subjects with low environmental impact in green and sustainable chemistry. Homogeneous sulfuric acid catalyst (Rinaldi and Schüth, 2009), cellulase enzymes (Kim and Hong, 2001), sub- or supercritical water (Adschiri et al., 1993), and heterogeneous solid catalysts (Rinaldi and Schüth, 2009) were successfully applied to the hydrolysis of cellulose, but homogeneous acid catalyst is highly corrosive and neutralizing treatment is required after reaction in order to avoid environmental problems; cellulose enzymes show a low reaction rate with high costs, and it is difficult to recover the enzyme from the mixtures after reaction; reaction apparatuses with high quality are desired due to the harsh conditions under sub- or supercritical water, and the thermal instability of glucose at high temperature caused the low selectivity of this method. Thereby, heterogeneous solid catalysts are gaining increasing attention and would be favorable for cellulose hydrolysis because solid catalysts not only can be applied under a wide range of reaction conditions and pH tolerance but also can be easily separated from the mixture after reaction with good cycle performance (Jun et al., 2000; Kitano et al., 2009; Yamaguchi et al., 2009). In the selective hydrolysis of cellulose to glucose, a sulfonated activated-carbon catalyst (AC-SO3H) was synthesized and showed an excellent catalytic activity and high selectivity (over 90%) of glucose compared with H-morderite, H-ZSM5, AC, sulfated zircoria, Amberlyst 15, and other solid materials, which turns out that the high hydrothermal stability and the prominent catalytic property are attributed to the surface acid sites of SO3H functional groups and the intrinsic hydrophobic planes (Onda et al., 2008). Sulfonic groups might become unstable and leach into the water under high temperature and pressure that are required in case of further conversion to target chemicals and fuels, which may lead to a decrease in catalyst activity and the yield of the target products. In the meantime, solid materials supported various metal (Pt, Ru, Ni, etc.) catalysts were also investigated with respect to the degradation of cellulose (Fukuoka and Dhepe, 2006; Luo et al., 2007; Deng et al., 2009). A water-tolerant solid catalyst Ru/CMK-3 was successfully synthesized by combining mesoporous carbon material (CMK-3) and metal Ru, which provided high glucose yields and turnover numbers (TONs) for the hydrolysis of cellulose in pure aqueous phase (Kobayashi et al., 2010). The results of X-ray diffraction (XRD) and transmission electron microscopy (TEM) indicate that Ru is uniformly dispersed on the surface of CMK-3 and not reduced to form zero-valent nanoparticles thoroughly, without cramming the CMK-3 pores. There is a synergistic effect between CMK-3 and Ru, in which CMK-3 plays a vital role for the hydrolysis of cellulose to intermediate oligosaccharides while Ru promotes the further conversion of oligosaccharides into glucose.



Fructose

Generally, fructose is derived from the isomerization of glucose obtained after the hydrolysis of cellulose in the presence of enzymes, homogeneous acids, bases, or Lewis acidic sites, which plays a key role in the way of producing platform chemicals and fuels (Lee and Hong, 2000; Tanase et al., 2001; Moliner et al., 2010; Liu C. et al., 2014). Recently, the catalytic performance of macroporous niobium phosphate (NbP) supported by MgO catalysts for isomerization of glucose to fructose was investigated and shows high efficiency in water and air atmosphere (Gao D. et al., 2019). The TON (defined as the number of moles of fructose formed per mole of basic sites on the fresh catalyst when the yield of fructose reached maximum value) values increased with the increase of MgO content from 20 to 60 wt%. And the surface characteristics of MgO were obviously improved while loading on the synthesized porous niobium phosphate, the distribution and amounts of basic sites and the resistance to water are comprised. However, noting that the yield of fructose was obviously decreased because of the mediocre cycle performance of MgO/NbP after first reaction without regeneration, thus the practical application value is limited. A heterogeneous bifunctional solid catalyst (UiO-66-MSBDC, substituted the organic linker of the zirconium organic framework UiO-66 with 2-monosulfo-benzene-1,4-dicarboxylate partially) with Brønsted and Lewis acid sites was successfully prepared and shows good stability and selectivity for glucose isomerization to fructose in deionized water (Oozeerally et al., 2018). The Lewis acidity can be affected while modification. UiO-66 was modified by MSBDC, attributed to the formation of more defective materials, and the nearby electron-withdrawing groups are enhanced in the presence of Zr4+, consistent with previous literature reports (Degirmenci et al., 2011). Some representative works abovementioned on the preparation of saccharides and sugar alcohols are summarized in Table 1.


Table 1. Representative work on the preparation of saccharides and sugar alcohols.

[image: Table 1]



Sorbitol and Mannitol

When some metal catalysts with hydrogenation effect is added to the reaction, during the hydrolytic process of cellulose, the glucose-derived downstream products such as sorbitol and mannitol are generated. Sorbitol and mannitol are produced by the hydrogenation of glucose that are used not only as sweeteners but also as precursors to isosorbide, lactic acid, 1,4-sorbitan, and other useful chemical compounds (Huber et al., 2003; Davda and Dumesic, 2004). It is first reported that supported metal catalysts can work on cellulose conversion into sorbitol and mannitol by a green environmental process, in the presence of Pt/γ-Al2O3, 31% yield of sugar alcohols (sorbitol: 25%, mannitol: 6%) were obtained in water solvent under 5 MPa H2 atmosphere at 463 K after 24 h (Fukuoka and Dhepe, 2006). Among the supported metal catalysts, Pt and Ru catalysts gave the higher yields of the sorbitol and mannitol, while Ir, Pd, and Ni catalysts showed lower activity. The reaction mechanism suggested that H2 is adsorbed on the Pt surface dissociatively and the hydrogen species spill over onto the γ-Al2O3 surface reversibly. Hence, the acid sites for the hydrolysis of cellulose are not only due to the acidic surface sites intrinsic in the γ-Al2O3 but also generated in situ from H2. The acidic sites play a decisive role in the first of cellulose hydrolysis to glucose, and then the sorbitol formed by means of reducing the C=O group in glucose with Pt and H2. Currently, bifunctional catalysts which contain acid sites and metal sites show excellent activity on direct conversion of cellulose into sorbitol have become the focus of researchers (Han and Lee, 2012; Zhu et al., 2014; Romero et al., 2016, 2017). A bifunctional catalyst Ru/CCD-SO3H (sulfonic acid-functionalized carbonized cassava dregs supported ruthenium) was prepared and successfully employed for the hydrolysis of cellulose to sorbitol in a neutral aqueous solution (Li Z. et al., 2019). More than double yield of sorbitol 63.8% can be achieved under the optimal conditions at lower temperature 180°C and shorter time 10 h compared with Pt/γ-Al2O3 catalyst abovementioned. Meanwhile, there exists a strong synergistic effect between -SO3H and Ru nanoparticles, acid sites are necessary in the depolymerization of cellulose to glucose and the hydrogenation sites of Ru could promote the formation of sorbitol from glucose. Furthermore, except supported metal catalysts and bifunctional catalysts, emerging catalysts like Ru-Ni bimetallic catalysts (supported by mesoporous carbon, activated carbon, and carbon nanotubes) also already show their potential for enhance one-pot hydrolytic hydrogenation of cellulose to sugar alcohols (Alonso et al., 2012; Pang et al., 2012; Sankar et al., 2012; Ribeiro et al., 2017). The result reveals that there is an interaction between both metals, and the presence of Ni improved the catalytic performance of the Ru monometallic catalysts both in terms of activity and selectivity. Furthermore, the yield of sorbitol is over 70% in a very short time (1 h) if the catalyst and cellulose are ball milled together. In addition, mannose can be obtained from glucose epimerization in the presence of acid through an intramolecular carbon shift as the Bilik reaction claimed. Another possible way to form mannose is from a reverse 1,2-hydride transfer from fructose, and further hydrogenation leads to the formation of mannitol (Gunther et al., 2012). When sodium tetraborate is incorporated into the active site of Sn-Beta zeolite, the selective epimerization of glucose to products would be promoted in aqueous media. The reaction proceeds by means of a 1,2 carbon shift of aldose wherein the bond is cleaved between C-2 and C-3 and a corresponding new bond is formed between C-1 and C-3, resulting in an inverted configuration by moving C-1 to the C-2 position.

Concisely, saccharides and sugar alcohols have always been considered as the link between the preceding cellulose and following platform chemicals; therefore, finding more efficient ways to prepare saccharides and sugar alcohols in aqueous phase has great significance for the utilization of cellulose.

Scheme 2 shows the pathway of cellulose conversion to saccharides and sugar alcohols.
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SCHEME 2. Conversion of cellulose to saccharides and sugar alcohols.





Selective Hydrogenolysis of Glucose to Small Molecular Alcohols

Various small molecular alcohols have been widely used as solvents, fuel additives, and chemical synthesis intermediate; hence, efficient preparation of small molecular alcohols with ingenious catalysts design from direct hydrolysis and hydrogenolysis of cellulose has become the goal pursued by researchers.


Ethylene Glycol

In an earlier pioneering report, the process of EG production from cellulose in one-pot is significantly promoted by using a nickel-modified tungsten carbide catalyst (Ni-W2C/AC) instead of precious metal (Pt, Ru) catalysts, and the yield of EG was remarkably increased to 61% due to a synergistic effect between nickel and W2C (Degirmenci et al., 2011). W2C is mainly responsible for converting glucose into EG, and the addition of Ni could not only promote the formation of tungsten carbides but also limit the further hydrogenolysis of glucose to other polyols, thereby promoting the improvement of EG yield. After that, a battery of tungsten-based catalysts such as Ni-WO3/SBA-15, Ru/WO3, Raney Ni+H2WO4, WXC/MC, and Ru/AC+H2WO4 has been developed to promote the direct production of EG from cellulose with high activity and selectivity (Tai et al., 2013; Wang and Zhang, 2013; Cao et al., 2014; Li N. et al., 2017). The above literature reports a unified reaction mechanism: in the first, water-soluble oligosaccharides and glucose are obtained after the hydrolysis of cellulose in the presence of acid; then, glycolaldehyde is formed with catalysis of tungsten species by fracturing the corresponding C-C bond of oligosaccharides and glucose via retro-aldol condensation; finally, glycolaldehyde is catalyzed by a metal catalyst with hydrogenation characteristics to finish the production of target EG.



Ethanol

Besides an ideal additive to gasoline, biomass-derived ethanol can serve not only as a versatile precursor for the production of various chemicals but also as a green solvent that has received considerable attention (Farrell et al., 2006; Subramani and Gangwal, 2008). Traditionally, bio-ethanol is produced via the fermentation and distillation processes of pretreated lignocellulosic materials using enzymes and homogeneous acid (Fujita et al., 2004; Himmel et al., 2007; Binder and Raines, 2010). However, the enzymatic process is obviously limited in terms of many technological bottlenecks and economic challenges. For example, because the fermentation generally follows a reaction mechanism including the formation of a pyruvate intermediate and its subsequent decarboxylation, one mole of CO2 would be simultaneously released when one mole of pyruvate is converted into ethanol, thereby reducing the carbon atom efficiency and resulting in the theoretical yield of bio-ethanol confined to 67 mol% (Kennes et al., 2016). In contrast, the conversion of cellulose to ethanol by a chemical approach remains challenging due to a series of inherently complex reactions including hydrolysis, retro-aldol condensation, and hydrogenation are involved and some other side reactions may be caused by unstable intermediates. Therefore, the providential design of multifunctional and robust catalysts that can regulate all kinds of complex reactions efficiently is paramount. As reported, tungsten-based catalysts and Pt-Cu/SiO2 single-atom alloy catalyst were successfully applied to the two-step conversion of cellulose to ethanol, methyl glycolate(MG) is easily formed from glycolaldehyde intermediate when the reactions were carried out in methanol solvent, and further hydrogenation is necessary to obtain ethanol after MG hydrogenated to EG (Xu et al., 2017; Yang et al., 2018). Noting that the EG is the precursor of ethanol production and could get a high yield in deionized water which avoids the use of organic solvent, thereby the process that conversion of cellulose to ethanol is thought highly of in aqueous phase.

Lately, the study about one-pot conversion of cellulose into ethanol catalyzed by a combination of tungstic acid and zirconia-supported Pt nanoparticles (H2WO4-Pt/ZrO2) was presented (Song et al., 2019). As the studies revealed, firstly, via the retro-aldol condensation, H2WO4 is deemed to be responsible for the breakage of the C-C bond in glucose unit, particularly the C2-C3 bond. Secondly, Pt/ZrO2 mainly works on the hydrogenation of the C=O bond in glycolaldehyde into EG and the further hydrogenolysis of the C-OH bond in C2 intermediates into ethanol. Lastly, appropriate fractions of Pt0 and Pt2+ on ZrO2 support impose restrictions on over-hydrogenolysis which are crucial to promote the formation of ethanol. An ethanol yield of 32% and EG yield of 24% at the same time were obtained from cellulose at 523 K in 5 h under 4 MPa H2 atmosphere with deionized water. Later, a multifunctional Ru-WOx/HZSM-5 catalyst was designed appropriately for one-pot efficient transformation of cellulose to ethanol via a series of cascade reactions (Li C. et al., 2019). Characterizations revealed that Ru and WOx nanoparticles were highly dispersed on the surface of HZSM-5 and formed Ru3W17 alloy, which displayed a synergistic catalytic effect along with moderate acidic sites: moderate acid sites are responsible for cellulose hydrolysis, glucose retro-aldol condensation, and EG dehydration, and Ru3W17 alloy sites are responsible for EG hydrogenation to ethanol. Meanwhile, the key retro-aldol condensation reaction could be promoted with the addition of Ru/WOx by suppressing oligomerization led to an increase in the yield of ethanol from 76.8% to 87.5 over 1 wt% cellulose under mild conditions in water. When taking the advantages of Pt/WOx into consideration as the parent catalyst on account of its high efficiency in the selective cleavage of the secondary C-O bond of glycerol to form 1,3-propanediol (Wang et al., 2016; Zhao et al., 2017), another multifunctional catalyst Mo/Pt/WOx was successfully designed to adapt to tandem reactions for one-pot production of ethanol from cellulose (Yang et al., 2019). As expected, Pt/WOx shows a superior activity and selectivity in the critical process of EG to ethanol by the introduction of extra certain content Mo, and the activity and selectivity effected significantly with different sedimentary sequence of Mo and Pt. Finally, constituent content determined catalyst 0.1Mo/2Pt/WOx displayed an idiosyncratic ability for cellulose conversion to ethanol, and experimentally verified that the EG hydrogenolysis to ethanol by breaking the C-O bond is the rate-determining step in the whole tandem catalysis reaction. Similarly, the reaction pathways are consistent with previous reports: EG as a key intermediate can be obtained in the presence of Pt from glycolaldehyde (generated after cellulose hydrolysis under the catalysis of WOX), and further production of ethanol from EG hydrogenolysis would be proceeded over Mo/Pt/WOx catalyst. Summarizing the above three articles on the direct preparation of ethanol from cellulose, we can know that they have the common point of converting cellulose to the intermediate glycolaldehyde by a tungsten-based catalysts, and then make the conversion of glycolaldehyde to EG under a noble metal with hydrogenation effect, finally, the end product ethanol could be obtained by EG hydrogenolysis, as shown in Scheme 3b.
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SCHEME 3. Conversion of cellulose to C2/C3 alcohols.


Distinctively, one-pot production of ethanol from cellulose hydrogenolysis using chemo-catalysts Ni@C accompanied by the addition of phosphoric acid (H3PO4) in water was reported which demonstrated a different reaction mechanism compared with the conversion path of EG in essence (Liu et al., 2019). As revealed by the experimental results, H3PO4 plays the dual roles as acid not only in catalyzing hydrolysis of cellulose to glucose but also in coordinating with glucose to form cyclic di-ester structure (formed via dehydration of C-OHs in glucose and P-OHs in H3PO4) for activating the corresponding C-C and C-O bonds for further production of ethanol. A variety of catalyst characterizations revealed that Ni was encapsulated by graphene layers, and noted that the fewer the number covering graphene layers, the better the catalytic performance; furthermore, the delocalized π electrons of graphene layers weaken absorption of H atoms on Ni@C surface by creating the electronic negative surface which could facilitate the direct conversion of cellulose to ethanol. Significantly, the result of 13C NMR analysis shows that the generation of ethanol from glucose by the cleavage of C2-C3 and C4-C5 bond as well as the hydroxyl group is removed from the C1 and C6 site in glucose, as shown in Scheme 3c. Ni@C catalyst also shows high stability and activity for at least eight runs under optimal conditions (above 60% yield of ethanol at 200°C in 3 h with 40 ml of 0.06 M H3PO4 aqueous solution under H2 atmosphere). In particular, higher ethanol yield (69.1%) in Ni@C-H3PO4 catalytic system than theoretical value by glucose fermentation (66.7%) and the prevention of using noble metals provide an opportunity for practical and economical application of direct conversion of cellulose to ethanol. Table 2 shows the summary of one-pot conversion of cellulose to ethanol.


Table 2. The summary work of one-pot conversion of cellulose to ethanol.
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1,2-Propylene Glycol

In order to increase the yield of 1,2-propylene glycol(1,2-PG) in the process of cellulose conversion, multifunctional catalyst (Ni-W-ZnO/β) was tailored by supporting nickel and tungsten on β-zeolite with addition of ZnO (Gu et al., 2019). Each component of Ni-W-ZnO/β catalyst has its specific role shown below. Due to the abundant acid sites, β-zeolite exhibited a high catalytic performance on the hydrolysis of cellulose to glucose. Further isomerization of glucose to fructose was promoted by addition of ZnO, which is a key step to generate fructose precursor. Ni is effective in the hydrogenation of dihydroxyacetone to acetol and acetol to target 1,2-PG while W facilitates bond cleavage via a retro-aldol condensation of fructose to dihydroxyacetone intermediate. As shown in Scheme 3a, Ni-W-ZnO/β catalyst shows a high activity and selectivity in the conversion of cellulose to C2/C3 glycols (1,2-PG specially), total yield of EG and 1,2-PG reached 70.1% with 1,2-PG accounting for 51.1%.

Knowing from the above process, hydrogenolysis is the decisive step in the formation of small molecular alcohols, which results in the cleavage of corresponding C-C and C-O bonds by hydrogen and also be regarded as a promising available technology for future biorefinery concepts. Furthermore, how to achieve efficient hydrogenolysis and the exploration of hydrogenolysis mechanism should be focused on in the future research.




Production of 5-Hydroxymethylfurfural and Its Derivatives
 
5-Hydroxymethylfurfural

HMF has always been considered as a bridge between renewable biomass resources and platform compounds for its versatile function in terms of obtaining medical drugs, fuel additives, and other bulk chemicals (Körner et al., 2019). It was first reported in 1951 by Newth on the synthesis of HMF from carbohydrates (Newth, 1951), and publications on HMF chemistry have increased significantly in recent years. In the beginning, homogeneous catalysts were favored in the dehydration of fructose to HMF, like HCl (Kuster and Temmink, 1977), oxalic acid (Elhall et al., 1983), H2SO4 (Antal et al., 1990), and H3PO4 (Tarabanko et al., 2006). With homogeneous catalysts, in order to obtain higher HMF yields, harsh reaction conditions containing higher temperatures and higher pressures are generally required, 50% HMF yields and 95% conversion of fructose could be obtained in the presence of H2SO4 under 250°C (Antal et al., 1990). Although the homogeneous catalysts can obtain a certain higher HMF yield, there still exists the problems about difficult separation of homogeneous acid catalysts from the solvent after reaction and the corrosive to the reaction equipment; moreover, the selectivity of the reaction is rather low. Later, related work on HMF synthesis from fructose was published using heterogeneous catalysts in aqueous environment by Carlini et al. When niobium phosphate-based catalysts were applied, quite high selectivity (over 85%) of HMF could be obtained, but only about 30% conversion of fructose were observed in the meantime (Carlini et al., 1999). Cubic zirconium pyrophosphate catalyst (Benvenuti et al., 2000) and vanadyl phosphate catalysts (Carlini et al., 2004) also showed similar reaction patterns, a higher HMF selectivity corresponds to a lower fructose conversion. Generally, large amounts of HMF are unstable in water, its further rehydration to levulinic acid (LA) and formic acid (FA) can be facilitated under acid conditions. More than that, HMF may also be oligomerized or polymerized by itself or with fructose to generate insoluble humins or soluble polymeric by-products, lead to the decrease of HMF yield, shown as Scheme 4a. As a comparative experiment on γ-TiP catalyst has shown, HMF was extracted with an organic solvent—methyl isobutyl ketone (MIBK) when the reaction was halfway through and at the end, the yield of HMF increased apparently from 39 to 67%, although the reaction time was already shortened from 2 to 1 h (Benvenuti et al., 2000). Due to the timely separation of generated HMF from the water solvent, the occurrence of side reactions is reduced, thereby greatly increasing the HMF yield.


[image: Scheme 4]
SCHEME 4. Production of 5-hydroxymethylfurfural (HMF) and its derivatives [mainly 2,5-furandicarboxylic acid (FDCA)].


When the substrate turns to glucose, the formation of HMF become more complex and difficult attributed to the requirements of Lewis acid for the isomerization of glucose to fructose firstly. In the process of HMF production, Lewis acid sites are prerequisite for the isomerization of glucose into fructose; the lack of Lewis acid sites could make the isomerization rate go down, but excessive Lewis acid sites will result in the formation of undesired by-products and humins, further reduce the HMF selectivity; similarly, Brønsted acid sites are active for dehydration of fructose, the lack of Brønsted acid sites cannot make a full dehydration of fructose to HMF, limiting the generation of HMF, while excessive Brønsted acid sites may suppress the isomerization reaction (Zhang M. et al., 2015; Kreissl et al., 2017; Li X. et al., 2017). Therefore, in order to achieve the cooperative catalytic action for the conversion of glucose to HMF, it is extremely important to find a balance between Lewis acid sites and Brønsted acid sites. In addition to acidic sites, water tolerance is the intrinsic requirement for catalyst when converting glucose to HMF in aqueous phase, thereby niobium-based catalysts have attracted the attention of researchers due to their good water-tolerant property and tunable surface acid density. The acid properties of Lewis acid sites and Brønsted acid sites could be adjusted by controlling the synthesis pH values of porous niobium phosphate catalyst. When NbPO4 catalyst was synthesized at pH = 7, the amounts of Lewis acid and Brønsted acid were balanced and highest 33.6% yield of HMF could be obtained from glucose under optimal reaction conditions in pure water (Zhang M. et al., 2015). According to the literature (Watanabe et al., 2005a,b; Chareonlimkun et al., 2010), more than Lewis acidic sites, basic sites present on metal oxides can also lead to the isomerization of glucose to fructose. Bifunctional catalyst ZrO2-TiO2 possesses both basic sites for isomerization and acid sites for dehydration achieved a relatively high HMF yield of 29% in aqueous phase. The result of TPD analysis indicated that ZrO2 mainly works as an isomerization catalyst to form fructose from glucose, and TiO2 served as an acidic catalyst mainly responsible for the further dehydration of fructose to HMF.

Direct conversion of cellulose to HMF is more challenging than that from fructose and glucose, since the dissolution of cellulose is required at first in aqueous phase. Therefore, it will be meaningful to find an aqueous solution which could not only hydrolyze cellulose but also promote HMF production. Fortunately, it is reported that cellulose could be dissolved in aqueous ZnCl2 solution with a concentration ≥60 wt% by forming a Zn–cellulose complex (Cao et al., 1994, 1995). Moreover, the aqueous ZnCl2 solution also exhibited strong acidity which would be able to facilitate the hydrolysis of cellulose and the dehydration of fructose to HMF, as shown in Scheme 5. The Zn2+ ions in the concentrated aqueous ZnCl2 solutions can be combined with two adjacent hydroxyl groups on glucose, which may play a same key role like Cr2+ in the isomerization of glucose to fructose (Xu and Chen, 1999; Pidko et al., 2010). As high as 30.4% HMF yield can be directly obtained from cellulose in 63 wt% high concentrated ZnCl2 solution (Deng et al., 2012). In a low concentrated solution, since the coordination between H2O and Zn2+ ions is stronger than that between hydroxyl groups and Zn2+ ions, there is no excess Zn2+ to combine with hydroxyl group, further lead to a lower HMF yield. In short, although aqueous solution achieved a lower yield than organic solvents or ionic liquids in the production of HMF from fructose, glucose, and cellulose, aqueous-phase reaction system has the most available and economic value. Hence, as to researchers, it is very meaningful to seek out novel catalysts to improve both yield and selectivity as far as possible in the conversion of biomass carbohydrates to HMF.


[image: Scheme 5]
SCHEME 5. Schematic diagram of 5-hydroxymethylfurfural (HMF) formation from cellulose in the presence of ZnCl2.


Table 3 shows an overview of published work about HMF production under aqueous conditions.


Table 3. Production of 5-hydroxymethylfurfural (HMF) under aqueous conditions.
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2,5-Furandicarboxylic Acid

FDCA, obtained after HMF oxidation, is an important monomer in polymer and chemical industry, which can replace petroleum-based terephthalic and isophthalic acids to reduce our dependence on traditional petroleum (Papageorgiou et al., 2016). There are general three intermediate products in the production of FDCA from HMF oxidation, 5-hydroxymethyl-2-furancarboxylic acid (HFCA), 2,5-diformylfuran (DFF), and 5-formyl-2- furancarboxylic acid (FFCA), as shown in Scheme 4b. When the aldehyde group on HMF is first selectively oxidized to a carboxyl group, intermediate product HMFCA is obtained. On the contrary, when the hydroxyl group on HMF is first selectively oxidized to an aldehyde group, intermediate product DFF can be obtained. After that, under oxygen conditions, an aldehyde group on DFF can be converted to carboxyl group, and hydroxyl group on HMFCA is oxidized to aldehyde group, both of them could form the other intermediate product 5-formyl-2- furancarboxylic acid (FFCA). FDCA can be obtained after further oxidation of FFCA. Noble metals (like Pt, Pd, and Au) supported by carbon or metal oxides (like Al2O3, TiO2, and CeO2) have been found to be efficient for the oxidation of HMF to FDCA (Davis et al., 2011; Saha et al., 2013; Li Q. et al., 2019). Several supported Pt, Pd, and Au metal catalyst reactivities were investigated for the oxidation of HMF to FDCA under identical conditions in the aqueous phase of sodium hydroxide (Davis et al., 2011). Pt/C, Pd/C, Au/C, and Au/TiO2 catalysts were synthesized and applied. In the presence of Pt/C and Pd/C, higher yield of FDCA could be achieved, while mainly intermediate product HMFCA were formed did not continue to be converted to FDCA in the presence of Au/C and Au/TiO2 under identical conditions (690 kPa O2, 295 K, 6 h, and 0.3 M NaOH). With the operation of increasing O2 pressure to 2,000 kPa, reaction time to 22 h, and NaOH concentration to 2.0 M, higher 72% and 80% yield of FDCA can be achieved over Au/C and Au/TiO2 respectively. The experimental result indicates that Pt and Pd can activate the hydroxyl group of HFCA under a mild condition and lead to the formation of FDCA, whereas Au required higher O2 pressure and NaOH concentration. The reason can be revealed as the literature reported that a large amount of OH− is required to activate the hydroxyl group to form aldehyde group intermediate, which can subsequently be oxidized to carboxyl group in the presence of Au catalyst and O2 (Ketchie et al., 2007). Noting that in the presence of NaOH, undesirable by-products such as 2,5-bis(hydroxymethyl)furan (BHMF) may be formed by disproportionation reaction of HMF. Scheme 4c.

According to the previous work in our group, different morphologies of CeO2 support Au catalysts (Au/CeO2-rod, Au/CeO2-cube and Au/CeO2-oct) synthesized via hydrothermal method and deposition–precipitation exhibited high selectivity of HMF oxidation to FDCA (Li Q. et al., 2019). Combining with experimental results and catalyst characterization, valence of Au and the interfacial acidic properties can be affected by the oxygen vacancies on Au-CeO2 interface, which determined the catalytic activity. The Au/CeO2-rod catalysts with the highest oxygen vacancies achieved higher yield of FDCA than Au/CeO2-cube and Au/CeO2-oct catalysts in aqueous solution of sodium hydroxide. Further characterization of catalysts shows that Au/CeO2-rod possesses more interfacial Lewis acidic sites and cationic Au between Au nanoparticles and CeO2-rod. Hence, we proposed a mechanism of synergistic effect between the interfacial Lewis acid sites, OH−, and neighboring Au particles, by which the groups (hydroxyl, aldehyde) and molecular O2 can be activated efficiently, thereby promoting the progress of oxidation reaction, as shown in Scheme 6. And Table 4 exhibits the experimental results about production of FDCA from HMF according to references (Davis et al., 2011; Li Q. et al., 2019).


[image: Scheme 6]
SCHEME 6. Possible reaction mechanism for oxidation of 5-hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic acid (FDCA). Reprinted with permission from Li C. et al. (2019). Copyright 2019 Royal Society of Chemistry.



Table 4. Davis et al. (2011) and Li Q. et al. (2019) experimental results about production of 2,5-furandicarboxylic acid (FDCA) from 5-hydroxymethylfurfural (HMF) in aqueous phase.

[image: Table 4]

Although with the addition of mineral base, noble metal catalysts show excellent performance and high yields of FDCA can be achieved, the high costs and produced wastewater may limit their practical application. Therefore, the exploitation of non-noble metal catalysts and greener reaction medium without mineral base or acid should be investigated majorly in the synthesis of FDCA.




Production of Liquild Alkanes via Hydrogenolysis and Hydrodeoxygenation

Direct hydrodeoxygenation of cellulose would lead to the formation of gasoline alkanes, mainly pentanes and hexanes. Taking the insoluble property and complex structure of cellulose into consideration, cellulose needs to be first hydrolyzed to soluble hexitol, then pentanes and hexanes would be formed via consecutive dehydration, hydrogenation, or hydrogenolysis. Numerous research efforts on hydrogenolysis and hydrodeoxygenation of cellulose to gasoline alkanes have been made (Chen et al., 2013; Liu C. et al., 2014; Liu S. et al., 2014; Beeck et al., 2015; Liu et al., 2015; Venkatakrishnan et al., 2015; Xi et al., 2016).

As shown in Scheme 7, reaction pathway via HMF: the aldehyde group on HMF is reduced to hydroxyl group leads to the formation of BHMF, and two kinds of intermediate precursor 1-hexanol and 2-hexanol could be obtained. 1-hexanol conversion pathway can be expounded as the following: in the presence of metal catalysts and acid conditions, 1-hexanol can be directly converted to hexane by dehydration and hydrogenation, or fracture of C-O bond under the action of metal sites; on the other hand, pentane could be generated from hexanol via the cleavage of C1-C2, meanwhile along with the formation of one molecule CO2 or methane. Both pentane (mainly) and hexane could be obtained. However, for the conversion of 2-hexanol, reactions are prone to dehydration and hydrogenation of -OH than hydrogenolysis, lead to the generation of hexane. Noting that the conversion route via HMF mainly occurs in a reaction solvent containing an organic phase (n-decane, n-dodecane, etc.) or subcritical water (Osaka et al., 2013). There are also some researches on the conversion of cellulose to pentane and hexane in water-organic biphasic system (Chen et al., 2013; Liu S. et al., 2014; Beeck et al., 2015). Therefore, here we mainly introduce some representative transformation of pentanes and hexanes in aqueous phase.


[image: Scheme 7]
SCHEME 7. Probable pathway of cellulose conversion to pentane and hexane via 5-hydroxymethylfurfural (HMF).


There are generally two pathways of pentanes and hexanes formation in aqueous phase that are proposed from intermediate precursors sorbitol (Chen et al., 2013). As shown in Scheme 8a, sorbitol can be obtained from the hydrogenation of glucose after cellulose hydrolysis, which can be directly converted to hexane via hydrodeoxygenation under metal-acid catalytic systems; on the other hand, Scheme 8b, after dehydration of sorbitol to isosorbide, 1-hexanol can be achieved via further hydrogenolysis of isosorbide, pentanes and hexanes(mainly) could also be obtained under metal-acid catalytic systems by fracturing the corresponding C-O and C-C band (Li and Huber, 2010).


[image: Scheme 8]
SCHEME 8. Probable pathway of cellulose conversion to pentane and hexane via sorbitol.


It is reported that layered LiNbMoO6 catalysts combined with Ru/C catalyst are conducive to the preparation of liquid alkanes from direct cellulose conversion in low concentration phosphoric acid aqueous solution (Liu S. et al., 2014). In this process, glucose that was obtained after cellulose hydrolysis could be hydrogenated to sorbitol in the presence of Ru/C catalyst, and the formation of isosorbide from sorbitol was inhibited significantly with the addition of layered LiNbMoO6 catalysts, so that the formation of hexane is promoted efficiently via hydrodeoxygenation of sorbitol by combining LiNbMoO6 catalysts and Ru/C catalyst. According to the analysis results of catalysts and experiments, glucose and sorbitol, not isosorbide, are allowed to enter the interlayer pores due to the steric hindrance of the pores between the layered LiNbMoO6 catalyst layers, so the process of converting sorbitol into isosorbide is inhibited, and this mechanism is conducive to the formation of hexane, as shown in Scheme 9. Benefit by the unique layer structure of LiNbMoO6 and property of Ru/C, high yield of hexanes (72% C) and pentane (5.9% C) could be obtained directly in low-concentration phosphoric acid aqueous solution by one-pot conversion of cellulose via hydrolysis and hydrodeoxygenation.


[image: Scheme 9]
SCHEME 9. Conversion of cellulose to hexanes over LiNbMoO6 and Ru/C in aqueous phosphoric acid. Reprinted with permission from Liu C. et al. (2014). Copyright 2014 Royal Society of Chemistry.


When isosorbide is formed after the dehydration of sorbitol, the reaction pathway to pentane and hexane production is obviously different from abovementioned, which is hardly converted to alkanes by further hydrodeoxygenation. Pt/NbOPO4 multifunctional catalyst was investigated for alkane production from sorbitol in aqueous solution (Xi et al., 2016), the final product of sorbitol dehydration is isosorbide, also an important intermediate in this process. With following ring opening hydrogenation reactions of isosorbide and two successive hydrogenolysis steps lead to the formation of hexanol, further converted to hexane and pentane via C-O band cleavage. In order to have a better understanding of the conversion process, the activation energy of isosorbide hydrogenolysis and sorbitol dehydration was calculated, that is, 72.7 and 147.6 kJ/mol, which are much lower compared to Pt/H-Beta (92 and 171.3 kJ/mol) catalysts. It was also revealed that isosorbide hydrogenolysis is the rate-determining step. Moreover, the strong and high acid amount on NbOPO4 supporter and the promoter effect of component NbOx on C-O bond cleavage are responsible for sorbitol dehydration and isosorbide hydrogenolysis, respectively. With good catalytic performance of Pt/NbOPO4 catalyst, 55.9% yield of hexane and 4.8% yield of pentane can be achieved from sorbitol under optimal reaction conditions in water phase.

Overall, noble metal catalysts show an efficient and stable catalytic reaction system in the conversion of cellulose to produce alkanes. However, noble metal catalysts cannot be widely used due to its limited availability on earth, which motivated the exploration of alternative non-noble metal catalysts. Ni/HZSM-5 catalyst was investigated by aqueous-phase reforming of sorbitol to bio-gasoline (Zhang et al., 2012). Total 36.4% yield of C5-C6 alkanes can be achieved at 240°C under 4 MPa H2. By comparing the characterization analysis results over H2-TPR/TPD of calcined catalyst at different temperatures (400, 500, 600, and 700°C), the Cat-500 catalyst has the largest H2 consumption of 1.34 mmol g−1 and higher hydrogen desorption, which indicated that decomposed NiO species were reduced completely accompany with the appearance of more Ni active sites on HZSM-5. In addition, the catalyst in lower calcination temperature is not able to provide enough active sites while Ni particles can easily be sintered in higher calcination temperature. Moreover, according to N2 physical adsorption results, Ni/HZSM-5 catalyst, calcined at 500°C, possess a higher surface area and appropriate amount of macropores. On the one hand, higher surface area means more active sites that could be beneficial to reactions; on the other hand, appropriate amount of macropores could promote the desorption of the target products, so the side reactions (for example, the cleavage of alkanes) could also be suppressed, thereby further enhancing the yield and selectivity of alkanes.

Table 5 shows the summary work about pentane and hexane preparation via different catalysts.


Table 5. Summary work about hexanes and pentanes preparation under different catalytic systems in aqueous phase.
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Though a series of multifunctional catalysts are investigated for the production of C5-C6 alkanes, the reaction routes and catalytic mechanism are not clearly enough. Accordingly, the design of catalysts for involved complicated reaction process (hydrolysis, dehydration, hydrogenation, and hydrogenolysis, etc.) should be more targeted and efficient.




ENZYMATIC CONVERSION OF CELLULOSIC MATERIALS AND THE PRODUCTION OF DERIVED GREEN SOLVENTS

As an effective and promising process of cellulose conversion, enzyme treatment methods are thought highly of due to its specificity to the corresponding substrate. Typically, a mixture of several enzymes, cellulase, consists of endo-1-4-β-glucanase, cellobiohydrolase, and β-glucosidase, works synergistically on cellulose hydrolysis process (Nigam, 2013). Firstly, endoglucanse cleaves β-1, 4–glycosidic linkage of D–glucan chains casually in the amorphous regions of cellulose or the surface of microfibrils, so that free chains that contain both reducing and non-reducing ends could be obtained. Then, cellobiose can be achieved while cellobiohydrolase acts on reducing and non-reducing ends. Ultimately, the cellobiose would be converted into glucose by β-glucosidase (Zabed et al., 2016). Moreover, lignocellulosic materials could also be converted by enzymes (Skiba et al., 2016). In the presence of CelloLux-A and BrewZyme BGX industrial enzymes, the hydrolysis of lignocellulosic materials from miscanthus and oat husks was studied. Several monosaccharides including xylose, mannose, glucose, and galactose were obtained after the substrate is treated with enzymes. Expectedly, glucose has the highest yield among those monosaccharides, 75.8 and 53.5% yields can be achieved from miscanthus and oat husks. Surprisingly, bioethanol, a derived green solvent, could be obtained in a high yield with further fermentation after enzymatic hydrolysis.

In addition to bioethanol, levoglucosenone (LGO) and dihydrolevoglucosenone (Cyrene) are also considered as green solvents and building blocks of platform chemicals. LGO is the precursor of synthetic Cyrene that was obtained after cellulose dehydration, which could be subsequently hydrogenated to Cyrene, as shown in Scheme 10. Cyrene has the potential in many applications, such as in the field of graphene manufacturing due to its optimal polarity and high viscosity (Salavagione et al., 2017); a replacement for toxic dipolar aprotic solvents, like DMF, NMP, and sulfolane (Camp, 2018); used to synthesize metal-organic framework (Zhang et al., 2016). However, the synthesis of Cyrene mostly used Pd-based catalysts with additional hydrogen. Distinctively, an alkene reductase (OYE 2.6) shows a high performance in the reduction of levoglucosenone to Cyrene (Mouterde et al., 2018), high levoglucosenone conversion of 99 and 99% yield of Cyrene can be achieved by continuous extraction. Furthermore, the formation of side product (1R,2S)-2-hydroxy-6,8-dioxabicyclo [3.2.1] octan-4-one (OH-LGO) is avoided due to the catalytic specificity of alkene reductase (OYE 2.6) and present the best conversion rates.


[image: Scheme 10]
SCHEME 10. Synthetic route to levoglucosenone (LGO) and Cyrene from cellulose.


In view of the high selectivity and activity of the enzyme in the catalytic process, meanwhile meet with the demand of green and sustainable catalytic process, more research should be accounted of in the upcoming development of cellulosic materials conversion.



CONCLUSIONS AND PERSPECTIVES

The transformation of cellulose to oxygenated and hydrocarbon chemicals was reviewed via several reaction routes over diverse multifunctional catalysts in aqueous phase. Sugars, alcohols, furfural, furan, and alkane chemicals can be obtained in one or two-step from cellulose conversion, which provide an alternative way to replace traditional fossil fuels with sustainable resources and potential solution for current environment problems. During the conversion process, complex reactions including hydrolysis, dehydration, isomerization, hydrogenolysis, and hydrogenation have high requirements for reaction systems and catalysts. (1) As to reaction solvent, the preferred reaction solvent for efficient conversion of cellulose to the downstream products for practical application is the aqueous phase, which is more available and economical than organic solvents or ionic liquids or other solvents. (2) For reaction conditions, high temperature and added extra gas (H2, O2) increased the cost of conversion process and exiting security issues, which would bring a lot of uncertainty for the reaction. (3) When it turns to catalysts, multifunctional catalysts were designed due to the complexity of the various reactions involved in the conversion process, in which different components of the catalysts have unique effects for specific reaction processes, for example, metal components are usual responsible for the hydrogenation, or hydrogenolysis of C-O or C-C bonds, or active sites of the reaction. (4) The reaction routes have always been valued in the study of cellulose aqueous-phase transformation, different reaction routes generally correspond to various types of reaction systems over diverse multifunctional catalysts, and the ultimate goal of the study is to achieve a clear understanding of the reaction and reduce the reaction steps as possible for energy-saving purposes. (5) Meet the requirements of green and sustainable catalysis, enzyme catalytic process of cellulosic materials has shown a giant potential for its high selectivity and activity, hence, looking for specific enzymes for specific reactions are of great significance. Overall, the research findings mentioned in this review provide a scientific basis for related subject study, which has broad prospects for future development in biomass conversion.

Although tremendous progresses have been achieved in the conversion of cellulose, there are still a lot of shortcomings and challenges that need to be solved in further study. (1) It can be confirmed that cellulose could be efficiently converted in aqueous phase, but many mineral acids (sulfuric acid, phosphoric acid, hydrochloric acid, etc.) or organic acids (formic acid, acetic acid, fatty acid, etc.) are involved in many aqueous phases, all of these acids has corrosive effects on reaction instruments and may cause water pollution problems, so pure water phase reaction should be the ultimate goal to pursue. (2) The efficient conversion of cellulose under milder conditions should be the focus of researchers. And taking the high oxygen content of cellulose and the presence of water in reaction system into consideration, can oxygen and hydrogen be supplied in situ during the reaction process? Those ways can both reduce the energy consumption and expenditure by a large margin. (3) The decisive steps in all kinds of reaction process should be defined in the beginning so that the catalyst can be designed more accurately, and researches on non-noble metals should be reinforced to minimize the use of precious metals in economic aspect. Furthermore, the interaction between different components of the multifunctional catalysts should be clearly understood in order to reduce the occurrence of side reactions and improve the yield of the target products. In particular, the hydrothermal stability and excellent catalytic activity of multifunctional catalysts are the most important things that should be the first to be considered to enable the full utilization of cellulose. (4) The reaction routes are still the key research object of cellulose aqueous phase transformation, the design of catalysts and the comprehension of reaction mechanisms would be a benefit from the premise of a clear reaction route. (5) The high cost, sensitivity to reaction temperature, and pH have become non-negligible factors restricting the application of enzymes in catalytic conversion of biomass. Therefore, further reducing the cost and improving the stability of the enzyme to adapt to various reaction conditions will be focused on in the next research.
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The enzymatic conversion of lignocellulosic material to sugars can provide a carbon source for the production of energy (fuels) and a wide range of renewable products. However, the efficiency of this conversion is impaired due to product (sugar) inhibition. Even though several studies investigate how to overcome this challenge, concepts on the process to conduct the hydrolysis are still scarce in literature. Aqueous two-phase systems (ATPS) can be applied to design an extractive reaction due to their capacity to partition solutes to different phases in such a system. This work presents strategies on how to conduct extractive enzymatic hydrolysis in ATPS and how to explore the experimental results in order to design a feasible process. While only a limited number of ATPS was explored, the methods and strategies described could easily be applied to any further ATPS to be explored. We studied two promising ATPS as a subset of a previously high throughput screened large set of ATPS, providing two configurations of processes having the reaction in either the top phase or in the bottom phase. Enzymatic hydrolysis in these ATPS was performed to evaluate the partitioning of the substrate and the influence of solute partitioning on conversion. Because ATPS are able to partition inhibitors (sugar) between the phases, the conversion rate can be maintained. However, phase forming components should be selected to preserve the enzymatic activity. The experimental results presented here contribute to a feasible ATPS-based conceptual process design for the enzymatic conversion of lignocellulosic material.

Keywords: sugarcane bagasse, product inhibition, enzymatic hydrolysis, extractive process, aqueous two-phase systems (ATPS)


INTRODUCTION

The search for alternatives to replace fossil fuels by renewable energy has been seen as a major necessity in modern times (Passoth and Sandgren, 2019). In order to reach the requirements established by the Paris Agreement in 2017, net zero greenhouse gases emission must be achieved by 2050 (Pye et al., 2017). Sun, wind, and lignocellulosic residues can be sources of renewable energy (Goldemberg and Teixeira Coelho, 2004). However, unlike wind and solar energy, biomass (lignocellulosic residues) can provide a carbon source not only for energy (fuel) production, but also for the production of a wide range of renewable products (Straathof, 2014). Sugarcane bagasse is the most abundant lignocellulosic residue in Brazilian agriculture. Among the 1.8 billion tons of sugarcane processed annually in the world, Brazil is the first producer, holding 41% of the world production. This amount yields ~105 million tons of the residue (sugarcane bagasse) per year (UN Food and Agriculture Organization, 2017).

The enzymatic conversion of sugarcane bagasse to obtain monomers of glucose usually presents a limited efficiency as a consequence of several factors such as the cellulose crystallinity, product inhibition, and enzyme degradation (Gupta et al., 2016). There are several research lines cooperating to improve the utilization of lignocellulose as a raw material to the production of biofuel and chemicals. Pre-treatment of the biomass is necessary to expose the cellulose component to the cellulases. In order to establish a good balance between the decrease of the biomass recalcitrance to enzymatic hydrolysis and disadvantages of each pre-treatment, several types of processes have been investigated: physicochemical, chemical using acids and alkalis, and solvent extraction (Liu et al., 2019). Biological pre-treatments have been proposed as an alternative to chemical ones, mainly because of the reduction of toxic compounds and fermentation inhibitors generation (Sindhu et al., 2016), and improvement in the subsequent enzymatic hydrolysis (Vaidya and Singh, 2012; Singh et al., 2016). The inhibition on cell growth and metabolism, which leads to reduction of product of interest formation in fermentation, can be caused by substances present in the plant composition or released during pre-treatment and/or hydrolysis processes. Among many strategies to mitigate this product-induced inhibition of microbes, studies highlight the use of stabilizing substances and conditions, stream selection, and product removal (Cray et al., 2015). In the spectrum of the biocatalysis, the enzyme degradation can be related, for instance, to chemical reaction with lignin (Newman et al., 2013). The development of new biocatalysts, such as accessory enzymes, and use of additives (Donaldson et al., 2014; Vaidya et al., 2014; Fahmy et al., 2019) have been identified as potential fields to promote more efficient and tolerant enzymatic reactions. Moreover, the synergy of fungal enzymes and the design of rational cocktails have provided improved hydrolysis performance (Bussamra et al., 2015; Cameron et al., 2015; Gupta et al., 2016). However, few studies question the conventional process to conduct the enzymatic hydrolysis of cellulose to monomers, e.g., the optimization of reaction conditions, reactor design, enzyme recycling, and recovery strategies. The main drawback regarding the enzymatic hydrolysis is the product inhibition of the enzymes (Bezerra and Dias, 2005; Gupta et al., 2016). In other words, the higher the glucose concentration, the less efficient the process is. By addressing this need, a more efficient enzymatic hydrolysis could be performed, reducing the costs of the process, enhancing the yield, and contributing to establish biomass as feedstock for the production of renewables.

In order to overcome the challenge of product inhibition during enzymatic hydrolysis, some solutions have been suggested in literature, including: simultaneous saccharification and fermentation (SSF) (Mohagheghi et al., 1992), development of glucose tolerant enzymes (Cao et al., 2015), partial cellulose hydrolysis (direct use of lignocellulose-derived sugars by the microorganisms) (Chen, 2015), and in situ product removal (Hahn-Hägerdal et al., 1981; Yang et al., 2011). Extractive processes such as SSF indicates a positive effect on cellulose hydrolysis because the inhibition by ethanol is less harmful to enzymes than the one caused by cellobiose (Bezerra and Dias, 2005). However, ethanol inhibition still exposes a potential problem in the SSF (Wu and Lee, 1997). In order to remove the inhibitor, ATPS can be applied as a strategy to separate the product and the enzymes. ATPS are formed by two immiscible components dissolved in water (Benavides et al., 2011). These components, named as phase forming components (PFC), can be polymers, salts (Van Sonsbeek et al., 1993), or ionic liquids (Freire et al., 2012). Above a critical concentration of the PFC, the system presents two phases in which molecules (solutes) can be unevenly partitioned in accordance to the system composition (Baskir et al., 1989).

Even though extractive processes based on in situ product removal have been extensively applied to enzymatic reactions (Ferreira et al., 2018) and/or fermentation (Hahn-Hägerdal et al., 1981; Kulkarni et al., 1999), to the extent of our knowledge, enzymatic hydrolysis in biphasic systems composed by salt-polymer is still rarely reported. This work aims to unlock the potential of a novel and extractive process to conduct the enzymatic hydrolysis of lignocellulosic materials. In this study, we evaluated the efficiency of performing the extractive reaction by ATPS composed by polyethylene glycol and the salts potassium citrate and magnesium sulfate. In the referred systems, glucose and the reactive phase (bagasse and enzymes) can be separated to prevent product (glucose) inhibition. Moreover, we showed how experimental results at lab scale and parameters of the process are interconnected, providing information on technical conditions to further design a new industrial process for lignocellulosic conversion.



METHODS


Research Design

In this work, the enzymatic hydrolysis of sugarcane bagasse in ATPS was explored and two processes were designed. According to the partitioning of bagasse and solutes in the phases, the reaction and extractive phases can alter. Based on that, two approaches were discussed: hydrolysis occurring in the bottom phase (Figure 1A) and in the top phase (Figure 1B). The process design for each approach was developed according to experimental data and literature evidences. However, the quantitative evaluation of each unit of operation is out of the scope of this work.


[image: Figure 1]
FIGURE 1. Conceptual process design for (A) hydrolysis in bottom phase (schematic representation of an ATPS process for magnesium sulfate and PEG 6000) or (B) hydrolysis in top phase (schematic representation of an ATPS process for potassium citrate and PEG 6000). The numbers represent the how many cycles each unit of operation operates, which can vary for each ATPS and desired efficiency and recovery of the process. Considering an ATPS step with both mixing and separation compartments, two vessels are presented per ATPS unit operation.


Experimental data provided information for the design of ATPS reactor and ultrafiltration unit operations. The linkage between the experimental results and their usage into the process design is presented in Table 1. The strategy suggested for sugar recovery was based on literature evidence. The findings regarding the behavior of sugarcane bagasse hydrolysis in ATPS, connected to the potential of system components recycle, yielded insights on how feasible this extractive conversion could be.


Table 1. Experiments performed to enable a reasonable process design parameters definition.
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The conversion of lignocellulosic biomass into sugars was catalyzed by the enzymes presented in the commercial cocktail Cellic CTec 2 (Novozymes, Bagsværd, Denmark). In order to create the extractive environment, ATPS formed by polymer and salts were applied to conduct the reaction. In the explorative investigation of ATPS applied to lignocellulosic conversion, topics such as the adsorption of phase forming components to the bagasse fibers and the influence of enzyme load on the hydrolysis were approached. Sequentially, the potential of recycling the enzymes in a continuous process was evaluated according to the distribution of specific enzymes among the phases and the adsorption of specific enzymatic activities to the bagasse. To complete the definition of parameters to further design the extractive process, the continuous recovery of sugar (glucose) from the system was theoretically analyzed.



Materials

The Brazilian Biorenewables National Laboratory (LNBR) provided the sugarcane bagasse: hydrothermally pre-treated (at 190°C, 10 min) followed by delignification (at 100°C, 1 h, and 1% NaOH). Although the presence of lignin does not influence the decrease in conversion with increasing solid loads (Modenbach and Nokes, 2013), this bagasse treatment was selected due to the fact that lignin could interfere in the enzyme performance and, consequently, in the product inhibition study. The bagasse, composed of 79.2% ± 0.9 cellulose, 2.6% ± 0.1 hemicellulose, 12.6% ± 0.3 lignin, and 6.2% ± 0.2 ash [composition determination as defined by Sluiter et al. (2016)], presented a wet basis humidity of 7.6% and was milled at 0.08 mm mesh. The milling process occurred at the speed of 104 rotations per minute (RPM) (Fritsch, Pulverisette 14).

Polyethylene glycol (PEG) with molar mass 2000 g/mol (PEG 2000) and 4000 g/mol (PEG 4000) were purchased from Merck (Darmstad, Germany). PEG 6000 (6000 g/mol) and magnesium sulfate heptahydrate (MgSO4·7H2O) were acquired from J.T. Baker (Fisher, New Jersey, USA). Sodium carbonate (Na2CO3) and 3,5-Dinitrosalicylic acid (DNS), both used for enzymatic activities assays, anhydrous glucose, and potassium citrate tribasic monohydrate (K3C6H5O7·H2O) were supplied by Sigma Aldrich (Taufkirchen, Germany). The pH was adjusted by adding sodium hydroxide (4 M) or hydrogen chloride, both purchased from Merck. Citrate buffer 50 mM was prepared according to Adney and Baker (2008).

Stock solutions were prepared by dissolving the respective PEG molecular weight or salt in double distilled deionized water (Milli-Q water), in order to obtain the following stock solutions: 38% w/w PEG 2000, 40% w/w PEG 4000, 39% w/w PEG 6000, and 40% w/w magnesium sulfate or potassium citrate solutions.



ATPS Formation (Equilibrium and Separation)

The selection of ATPS composition (salt type and polymer molecular weight) and concentration (tie line length–TLL) were based on data previously published by Bussamra et al. (2019). The ATPS, respective TLL, and experiment to which they were applied and motivation are presented in Table 2.


Table 2. Connection of the selected ATPS to respective application in experiments.
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The ATPS 1–5 were evaluated for the partitioning of glucose and proteins at a fixed concentration of each solute and without the presence of substrate. Because ATPS 6 was not favorable to conduct hydrolysis, the partitioning of solutes was not evaluated at this composition. Systems were formed by addition of the required amount of PEG and salt stock solutions to an aqueous solution of 5 mL total volume. Sugar stock solution (800 g/L, prepared in Milli-Q water) was added to a final concentration of 90 g/L in the system. The volume of enzymes (29.5 μL) was calculated considering a hypothetical solid load of 10% WIS and an enzyme load of 10 FPU/g bagasse. This amount of enzymatic cocktail corresponded to a protein concentration of ~0.92 mg/mL. The systems were incubated for 1 h at 50°C and 250 rpm in orbital shaker. Phase separation was promoted by centrifugation at 4,000 rpm, 40°C for 30 min (Eppendorf 5810R Multipurpose Centrifuge®). Top phase was withdrawn using an automatic pipet and bottom phase via 2 mL syringe coupled with appropriated needle. All systems were prepared in duplicates. The partition coefficient in a two-phase system was determined as the ratio of solute concentration in the top phase to that in the bottom phase (Li et al., 2002).



Adsorption of Phase-Forming Components to Sugarcane Bagasse

Predetermined amounts of bagasse (5% WIS) were emerged for 3 h at 250 rpm and 50°C in four different solutions of phase-forming components (final volume 15 mL): magnesium sulfate (40% w/w), potassium citrate (40% w/w), PEG4000 (40% w/w), and Milli-Q water. Subsequently, the samples were centrifuged at 1300 rpm, 40°C for 30 min (Eppendorf 5810R Multipurpose Centrifuge®). The bagasse was separated from the supernatant and the wet basis humidity was determined using a moisture balance (Sartorius Ma35). The density of both the stock solutions of phase forming components and the supernatant liquids, measured using a pycnometer, was 5.113 cm3 (Blaubrand, Germany). The comparison in density of both solutions (stock and supernatant) indicates whether there is a preferential adsorption of phase forming components to sugarcane bagasse in relation to water (for instance, a less concentrated supernatant illustrates a preferential adsorption of the phase-forming component to the substrate).



Conventional and ATPS Enzymatic Hydrolysis

Conventional hydrolysis occurs in the presence of citrate buffer 50 mM, pH 4.8, with 0.02% sodium azide. The conventional hydrolysis kinetics at solid load 10% WIS were performed at enzyme loads 10, 20, and 40 FPU/g bagasse at a reaction volume of 30 mL. Samples from conventional hydrolysis were centrifuged at 4,000 rpm, 4°C, for 10 min (Eppendorf 5810R Multipurpose Centrifuge®). Supernatants were collected for both protein and glucose quantifications. Conversion of biomass (x) was calculated according to the following formula, taking into account the amount of soluble sugars in the liquid phase after hydrolysis (Sg, in glucose equivalent concentration; VH, the volume of the solution where the hydrolysis was performed; and the correction factor for hydration 0.9, in order to correct for the water molecule added upon hydrolysis [Selig et al., 2008]), and the initial amount of glucose equivalent in the solid cellulose sample before hydrolysis (W, the weight of dry lignocellulosic sample, and Fg, the fraction of cellulose in the lignocellulosic sample):
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ATPS hydrolysis was conducted at ATPS 2 and 5, as presented in Table 2. The phase-forming components (Milli-Q water and salt and PEG stock solutions) were mixed to achieve a volume ratio of 1:1, in a reaction volume of 15 mL according to the respective TLL. The bagasse was added to the system under agitation at a solid load of 10% WIS. Lastly, sodium azide and enzyme were added to a load 0.02% and 20 FPU/g bagasse, respectively. For each time evaluated, a unique system in duplicate was prepared once the withdrawal of top and bottom phases requires the discontinuation of the reaction and centrifugation of the system. The centrifugation occurred for 30 min, at 4,000 rpm and 40°C (Eppendorf 5810R Multipurpose Centrifuge®). All hydrolysis reactions were performed at 50°C and 250 rpm in orbital shaker.



Liquefaction Followed by Hydrolysis

For the hydrolysis following the liquefaction, the ATPS were formed by the addition of 9.9 mL of salt (potassium citrate 40% w/w) and 10.1 mL of polymer (PEG 6000 39% w/w) to 6 mL of liquefied bagasse (20% WIS and 10 FPU/g bagasse, for solid load and enzyme load, respectively, in citrate buffer 50 mM pH 4.8, hydrolyzed for 24 h). Considering the liquefied bagasse volume being the solvent of the ATPS, the hydrolysis was performed at the TLL 34.2% and volume ratio of 1. However, the ATPS was more concentrated because part of the liquefied volume was occupied by cellulose, lignin, ash, and already released sugars. For comparison with a conventional system, 20 mL of buffer (citrate 50 mM pH 4.8) was added to 6 mL of liquefied bagasse.



Enzymatic Activities

An international unit of enzymatic activity is defined as the amount of enzyme required to produce 1 μmol of product per minute. 1 mM p-nitrophenyl-β-D-glucopyranoside (p-NPG), 1 mM p-nitrophenyl-β-D-xylopyranoside, and 4 mM p-nitrophenyl-β-D-cellobioside (p-NPC) (Sigma–Aldrich, St. Louis, EUA) were the substrates for the activity determining reaction for β-glucosidase, β-xylosidase and cellobiohydrolase, respectively. After 10 min for β-glucosidase and β-xylosidase and 30 min for cellobiohydrolase activity measurement at 50°C, the reactions (comprised of 80 μL of the substrate and 20 μL of the enzyme) were stopped by addition of 1 mol/L sodium carbonate. Absorbance at 400 nm was used to estimate p-NP concentration release (Bussamra et al., 2015).

The total cellulose activity measured according to the filter paper units (FPU) was performed by reducing the NREL methods (Adney and Baker, 2008) 10 times. The sugar release was quantified following the methods suggested by Miller (1959).



Sugar and Protein Quantification

Sugar and protein present in top and bottom phases were measured according to methodology described by Bussamra et al. (2019). Sugar quantification followed the Megazyme Glucose Reagent assay (Megazyme, Wicklow, Ireland), and no adaptation was needed to ATPS samples. Hydrolysis samples for glucose measurement were boiled for 5 min and 99°C after collected (Eppendorf Thermomixer® C.), in order to deactivate the enzymes. The protocol used for protein quantification, based on Bradford (1976) method and performed using the Coomassie Protein Assay Reagent (Thermo Scientific, USA), required adaptation for ATPS samples, explained in detail in the cited reference (Bussamra et al., 2019). The solute concentrations in g/L were defined per volume of the respective phase being measured.

The uncertainties of the all measurements calculated by calibration curves were estimated according to Barwick (2003), and the errors were propagated accordingly.



SDS-PAGE Electrophoresis

For the analysis of specific enzymes partition in ATPS, the bottom phase of ATPS 2 (Table 2) was evaluated in SDS-PAGE electrophoresis. To prevent interference of salt and PEG in the method, the bottom phase had the phase formation exchanged by Milli-Q water using a 10.000 MWCO Amicon® Ultra Centrifugal Filters as described by the supplier. Retentate of this operation (protein enriched) was dissolved in Milli-Q water. Top phase could not be evaluated through this method because the 10.000 MWCO membrane was clotted with the high concentration of PEG 6000 in that phase. The samples were diluted [image: image] times in NuPAGE™ LDS Sample Buffer (4X) (ThermoFisher Scientific, USA), and this mixture was heated at 70°C for 10 min. 12% (w/v) Bis-Tris polyacrylamide gel (NuPAGE™, 1.0 mm, 12-well) (ThermoFisher Scientific, USA) was loaded with 10 μL prepared samples and stained by GelCode™ Blue Safe Protein Stain (ThermoFisher Scientific, USA). Mark12™ Unstained Standard (ThermoFisher Scientific, USA) was used as molecular weight ladder consisting on the following sizes: 200, 116.3, 97.4, 66.3, 55.4, 36.5, 31, 21.5, 14.4, 6, 3.5, and 2.5 kDa. The protein concentration of the bottom phase sample preparation was 0.39 ± 0.02 mg/mL. The maximum protein load in the band was 0.5 μg.



Theoretical Sequential Partitioning of Sugar and Recovery

The sequential partitioning of sugar in different stages (continuous process) was modeled based on the mass balance of the components in each stage and according to the equilibrium dictated by the partition coefficients for sugar and enzyme in the ATPS and the concentration factor for the ultra-filtration unit. An initial volume ratio of 1 was assumed for equal volume between the top and bottom phases. According to the partition coefficient and volume ratio, the top and bottom phase concentrations and volume ratio were estimated for each stage (cycle).

The concentration factor determined the permeate and retentate concentrations and flow rates. The permeate was assumed to leave the system as glucose, while the retentate was diluted to the original (top) phase volume and recycled back to the ATPS. Thus, in each stage, the concentration of sugar in the retentate was diluted. The calculation was repeated for each stage under the same assumptions. At the simulation presented here, the two different partition coefficients of sugar were assessed (1.5 and 0.71), considering the same concentration factors of 1.5. The result was assessed in terms of sugar recoveries after the ultrafiltration unit operation.




RESULTS

The evidence from experiments can guide the definition of parameters to design an extractive process to relieve product inhibition. Table 1 contains the defined process design parameters and the correspondent type of experimental data to substantiate the decision-making. The partitioning of components in ATPS depends on the system composition (Benavides et al., 2011), and determines the strategy to recycle system components and recover products. Here, we presented pre-selected ATPS capable to provide different partition coefficients of sugar and enzymes, and how the phase forming components can influence the partitioning of lignocellulosic biomass. The influence of protein load, enzyme adsorption on bagasse, and partition of specific enzymatic activities in conventional hydrolysis brought insight on the design of the ultrafiltration unit operation regarding the recycle of enzymes.


Selection of ATPS Based on Partition Coefficients of Solutes

The pre-selected systems were previously indicated by Bussamra et al. (2019) as potential ATPS to separate sugar and enzymes. At this work, five systems, described in Table 2, were reproduced to have their partition coefficient measured at higher scale (5 mL). In the design of a process, more important than the partition coefficient itself is the relation between the partition coefficient of solutes aimed to be separated. The relative partitioning of these solutes represents how efficient their separation is among the phases. In all the systems, the partition coefficients of sugar were higher than for proteins.

The strategy designed to recover the product (sugar) in this process, regardless of which phase the bagasse partitions to, suggests the sequential partitioning of sugar to the top phase and the recovery occurring in that phase. Thus, ATPS 2 and ATPS 5 seemed to be the most efficient for that purpose due to the high selectivity for sugar Ksugar/Kprotein (Table 3).


Table 3. Relative partitioning of sugar and protein in five different ATPS (systems defined in Table 2).
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Exploratory Investigation of ATPS Applied to Lignocellulosic Hydrolysis

Preliminary investigation on influence of parameters inherent to ATPS (e.g., phase forming components adsorption on the bagasse fibers) is of paramount importance to set up coherent hydrolysis experiments.

The phase-forming components influence the bagasse partition in ATPS. After hydrolysis, the systems composed by potassium citrate favored the lignocellulose partition to the top phase, while systems containing magnesium sulfate triggered the partition to the bottom phase (visual inspection of the systems). Figure 1 presents scenarios where the choice of phase forming components determines whether the reactive phase (phase containing the bagasse) is the top or the bottom phase. The PEG molecular weight was closely related to the partition of the bagasse, being a contributor to increasing the partition of bagasse to the top phase. Moreover, bagasse presented a non-selective adsorption of phase forming components. Consequently, the bagasse adsorption of phase forming components does not influence the system composition.

The cellulolytic enzymes adsorb to the substrate and consequently partition according to the substrate-enriched phase in the system (Tjerneld et al., 1985). Due to that, the partition of bagasse in ATPS determines in which phase the reaction occurs, and this is closely related to the selection of operation units in the process design to further recover the product and recycle the phase components. Beyond the fact that enzymes were in very diluted amount in the system, they were mostly adsorbed to the bagasse after 3 h reaction in conventional hydrolysis (Figure 2). For instance, 70% of the proteins adsorbed to the bagasse in the first 3 h for the enzyme load of 20 FPU/g bagasse. Interestingly, protein desorption did not follow the glucose release profile in conventional hydrolysis at 10% WIS, regardless the enzyme load (10, 20, or 40 FPU/ bagasse) (Figure 2).


[image: Figure 2]
FIGURE 2. Protein adsorption/desorption does not follow the glucose release in conventional hydrolysis at 10% WIS (solid load), at different enzyme loads of 10 FPU/g bagasse, 20 FPU/g bagasse, and 40 FPU/g bagasse. The bars represent the protein adsorbed (left y axis), and the curve shows the glucose release (right y axis). The conversion of reaction at each enzyme load achieved 47% ± 1.5, 79.4% ± 3.2, and 88.7% ± 2.7, respectively.


The two specific activities tested in the commercial cocktail presented similar adsorption to sugarcane bagasse, and this non-selective adsorption did not change according to the enzyme load. Both β-glucosidase and cellobiohydrolase presented <5% of enzymatic activity in the supernatant (not adsorbed) after 3 h hydrolysis, except for cellobiohydrolase at enzyme load of 40 FPU/g bagasse, which presented ~10% of that activity in the supernatant up to 6 h hydrolysis (Figure 3). We can assume that this reduction of measured enzymatic activity is not solely a consequence of protein deactivation because the non-adsorbed protein also reduced considerably after 3 h reaction (Figure 2).


[image: Figure 3]
FIGURE 3. Selective adsorption of enzymes to the sugarcane bagasse during the conventional hydrolysis reaction at 10% WIS (solid load), at different enzyme loads of 10 FPU/g bagasse, 20 FPU/g bagasse, and 40 FPU/g bagasse. The remaining enzymatic activity corresponds to the percentage of activity quantified in the supernatant in relation to the theoretical activity in case of no enzymatic adsorption. The total theoretical activities of cellobiohydrolase and β-glucosidase are, respectively, 1.7 ± 0.2 and 3.9 ± 0.5 (enzyme load 10 FPU/g bagasse), 4.1 ± 0.4 and 9.2 ± 1.2 (enzyme load 20 FPU/g bagasse), and 8.3 ± 0.8 and 18.4 ± 2.4 (enzyme load 40 FPU/g bagasse).


Considering the protein adsorption and conversion profile of the three enzyme loads evaluated, the one at 20 FPU/g bagasse presented similar protein adsorption (in percentage to the total protein added) in comparison with the higher enzyme load for the same solid load (10% WIS). This fact indicates that the biomass could still adsorb proteins when the enzyme load increased from 20 to 40 FPU/g. However, the balance between adsorbed (~70%) and free enzymes was achieved and maintained from 20 FPU/g bagasse enzyme load—higher enzyme loads stills presents ~70% of adsorbed enzymes. On the other hand, the percentage of free cellobiohydrolases increased with the increase of enzyme load (20–40 FPU/g bagasse), indicating that there was an excess of this enzyme class in the reaction—celobiohydrolases are processive enzymes and should be adsorbed to the fibers to provide catalytic function once they slide along the cellulose chain to the next cleavage site as the product is released (Gupta et al., 2016). Moreover, considering the increase in conversion (~12%) when comparing the enzyme load at 20–40 FPU/g and the cost of the enzymes, the gain in hydrolysis seems not defensible. Then, the enzyme load of 20 FPU/g bagasse was chosen to conduct the ATPS hydrolysis.



Comparison Between Conventional and ATPS Hydrolysis of Lignocellulosic Material

The sugar released in bottom phase of ATPS composed by potassium citrate-PEG 6000 reached the same concentration as the conventional hydrolysis (Figure 4). Because of the uneven partition of sugars in the ATPSs composed by potassium citrate-PEG 6000 (TLL 15.3%) and magnesium sulfate-PEG 6000 (TLL 30.5%), the concentration of sugars during enzymatic hydrolysis contributed to different reaction rates in each phase of the system. For both ATPS studied, the partition coefficient of sugars was smaller than 1 (higher concentration of sugars in bottom phase). For the ATPS hydrolysis, the reaction did not discontinue after 48 h (Figure 4). In conventional hydrolysis, the sugar release ceased after 48 h reaction.


[image: Figure 4]
FIGURE 4. Kinetics of conventional hydrolysis of hydrothermal sugarcane (10% WIS, 20 FPU/g bagasse) bagasse vs. ATPS hydrolysis (10% WIS, 20 FPU/g bagasse), without previous liquefaction of the sugarcane bagasse.


When the system reaction was composed of liquefied substrate (sugarcane bagasse hydrolyzed for 24 h at conventional hydrolysis), no extra glucose was released for both conventional and ATPS hydrolysis (Figure 5A).


[image: Figure 5]
FIGURE 5. (A) Comparison in sugar release after liquefaction for 24 h (20% WIS solid load and 10 FPU/g bagasse enzyme load) followed by hydrolysis (total reaction of 95 h), for conventional and ATPS operation modes. (B) Conventional hydrolysis of sugarcane bagasse (20% WIS solid load and 10 FPU/g bagasse enzyme load)—prolongation of the liquefaction up to 95 h (conversion of 34.5% ± 1). The glucose release was presented in total grams in the reaction, in order to compare systems with different volumes.




Potential of Enzyme Recycling and Sugar Recovery in ATPS

Enzymes contribute in a great extent to the costs and to the conversion efficiency of a continuous process of hydrolysis (Torres, 2016). In the process configuration applied to the potassium citrate system (Figure 1B), in which top phase is the reactive phase, the free enzymes can be recovered in an ultrafiltration step. This operation unit also intends to recycle phase forming components (PEG) and recover the product (sugar). However, the partition of specific enzymes of the cocktail should be even among the phases or the entire cocktail should be one-sided partitioned to avoid the enrichment of the enzymatic cocktail with a specific activity (class of protein) in a continuous process with recycling. The ATPS 2 (potassium citrate and PEG 6000, TLL 15.3%) accomplished these requirements since all bands of proteins identified in the enzymatic cocktail (lane 2) were also present in the bottom phase (lane 3) (Figure 6).


[image: Figure 6]
FIGURE 6. SDS–PAGE electrophoresis of enzymatic cocktail (lane 2) and bottom phase (lane 3) after partition in the ATPS 2 (potassium citrate and PEG 6000, TLL 15.3%). Molecular weights (MW), in kDa, in decreasing order (lane 1): 200, 116.3, 97.4, 66.3, 55.4, 36.5, 31, 21.5, 14.4, 6, 3.5, and 2.5.


For both process alternatives, the final product (glucose) is suggested to be recovered from the polymer enriched-phase. The recovery of sugar from salt enriched-phase is rarely reported in literature. On the other hand, the separation of glucose and polymer is widely acquired through ultrafiltration. Even though some systems separate glucose preferably to the bottom phase (salt enriched-phase), the recovery from the top phase is possible through the repartitioning of the sugar-enriched bottom phase to a new sugar-depleted top phase. Evidently, the higher the partition coefficient of glucose in the system, the lower the number of cycles to achieve the desirable concentration of sugar in the end stream of the process. The efficiency of this strategy was assessed theoretically. A recovery of 0.65 kg/kg glucose was achieved through a sequential partition of glucose to the top phase for an ATPS presenting Ksugar of 0.71 after six cycles. If the Ksugar increased to 1.5, 0.67 kg/kg recovery would be achieved after four cycles (Figure 7).


[image: Figure 7]
FIGURE 7. Sequential ATPS formation to recover sugar in the ultrafiltration unit of operation.





DISCUSSION

This section discusses how the experimental results assisted the definition of parameters to a future process design. Moreover, the discussion also indicates the suitability of conducting enzymatic hydrolysis in ATPS.


ATPS and Enzymatic Hydrolysis of Sugarcane Bagasse

In order to operate lignocellulosic hydrolysis in ATPS, the system formation and equilibrium, influence of viscosity on mixing, and analytical techniques are of paramount importance to a proper reaction conduction and quantification. Even though we showed that the bagasse has non-selective adsorption toward the phase forming components in comparison to water, we suggest the addition of bagasse to the heterogeneous solution under mixing, providing contact to all components at the same time.

During the hydrolysis, the cleavage of specific sites of the polymer chain can affect its hydrophobicity, and consequently its partition in the system. This statement can be supported by the work of Fu et al. (2019), who suggested a method to quantify hydrophobicity based on the partition of natural organic matter on ATPS composed by PEG and potassium citrate. Additionally, the density of the substrate decreases during the hydrolysis, diminishing the gravity force in favor of setting down the substrate components, which might also explain the different bagasse partitioning before and after hydrolysis.

The increase of viscosity due to high solid load can impact the mixing and consequently the efficiency of the reaction (Rosgaard et al., 2007). When operating in ATPS, the concentration of phase-forming components, specially the polymer, becomes a great contributor to increase viscosity. Then, the solid load cannot be considered as a unique factor to the mass transfer limitation (set at a maximum of 20% WIS to ATPS hydrolysis by this work). Another limitation of ATPS application relies on the analytical techniques to quantify proteins (González-González et al., 2011; Silvério et al., 2012; Glyk et al., 2015). Some strategies have already been suggested in literature using conventional methods of quantification (Bussamra et al., 2019).

Although ATPS seem to maintain the conversion rate due to the inhibitor partition in the system, the ATPS should provide a proper environment to preserve the enzymatic activity. The performance of the enzymes when incubated in the salts potassium citrate (10% w/w pH 5) and magnesium sulfate (10% w/w pH 5) was reduced ~50% in relation to the enzymatic activity in optimum conditions (conventional hydrolysis—citrate buffer 50 mM) (Bussamra et al., 2019). Although temperature can be easily controlled to operate in the optimum for the enzymes, pH is an important factor when dealing with ATPS since the different salts present different properties under pH variation, which can also impact the enzymatic activity. Therefore, an ATPS composed by harmless phase forming components to the enzymes would provide the environment to both preserve the enzymatic activity and overcome product inhibition (through sugar extraction to the opposite phase of the reaction). Alternative phase-forming components can provide optimal environment to the catalytic activity, such as ionic liquids (Ferreira et al., 2018).



Conventional vs. ATPS Hydrolysis

Even though the product inhibition was not identified as a cause to decrease cellulose hydrolysis by Bommarius et al. (2008), other authors have refereed to product inhibition as the main factor to decrease the conversion rate at high conversions (Xiao et al., 2004; Bezerra and Dias, 2005). A previous study has identified the advantage to remove inhibitor (sugar) from the reaction in order to maintain the conversion rate (Yang et al., 2011). Here, the stagnation in sugar release after dilution of the 24 h liquefied bagasse indicates that sugar concentration is not the only factor contributing to the product inhibition in enzymatic hydrolysis (Figure 5B). Considering that 90% of the enzymes were already adsorbed to the fibers at 24 h of reaction at the enzyme load of 10 FPU/g bagasse, the reaction did not stop because of enzyme dilution and consequent inaccessibility to the fibers. Diluting the reaction system without the removal of products kept the inhibitor-to-enzyme ratio constant. Xiao et al. (2004) showed that the decrease of this ratio is crucial to overcome product inhibition. To a certain extent, the ATPS also decrease this ratio in one of the phase system, partitioning the sugar between the top and bottom. Moreover, the cellulose chain could be inaccessible after 24 h due to the increased proportion of highly-recalcitrant region of the fibers (crystalline cellulose), since amorphous regions are hydrolyzed first.

Although the mechanism of cellulase binding on lignocellulosic biomass (substrate-enzyme interaction) is not completely understood, some models can elucidate factors affecting the enzyme rates and activities (Bansal et al., 2009). Cellobiose, released during the cleavage of the bagasse chain during hydrolysis, is a non-competitive inhibitor to cellulases (Bezerra and Dias, 2005). However, some studies classify cellobiose as a secondary inhibitor once the high glucose concentration (mainly inhibitor) leads to the accumulation of cellobiose. The degree of inhibition caused by glucose is also more pronounced to cellulase mixture than to isolated β-glucosidase (Xiao et al., 2004). The reported nature and degree of glucose inhibition might be a likely cause associated with the decrease in conversion rate after 24 h conventional hydrolysis at solid load of 10% WIS and enzyme load of 10 FPU/g bagasse (Figure 2).

In the potassium citrate-PEG 6000 ATPS hydrolysis, the cellulose conversion increased in 51.5% from 96 to 120 h, whereas the conventional hydrolysis did not present any sugar release in the same period. However, similar conversion increase (54%) already happened from 6 to 24 h in conventional hydrolysis. A similar glucan conversion achieved at different times has been demonstrated when the substrate presents change in crystallinity (Gao et al., 2013). The phase forming components could influence the exposure of the amorphous part of the cellulose, as well as reducing the hydrophobicity of the cellulose surfaces, impairing the enzymes binding to the substrate. Moreover, decreasing rates of hydrolysis with high degrees of conversion have been associated to the jamming effect, which is the interference of adjacent enzymes adsorbed on cellulose surface at high protein concentration (Bommarius et al., 2008). Protein degradation could also trigger the discontinuation of the enzymatic conversion (Bansal et al., 2009).

Even though the sugar released in bottom phase during the hydrolysis conducted in ATPS composed by potassium citrate-PEG 6000 (TLL 15.3%) was similar to the sugar released in conventional hydrolysis, some peculiarities of the different approaches can benefit the implementation of the ATPS conversion. In ATPS, the inhibitor is partitioned in the system and the maintenance of the enzymatic activity after 48 h reaction for ATPS hydrolysis can be an indication that sugar in being removed from the reactive phase. However, the partitioning of sugar and consequent preservation of the reaction rate could also imply a delay in achieving the inhibitory concentration of products in the respective phase.

In both approaches (Figure 1), glucose and protein partition predominantly to the bottom phase. Even though the selectivity for sugars was higher in ATPS 5 (Table 3), the sugar release in that system was lower in comparison to ATPS 2 (Figure 4). This can be explained by the reactive phase (bottom phase, due to bagasse partition) presenting the higher concentration of inhibitor (glucose) among the phases. Moreover, ATPS 2, composed of potassium citrate, could better maintain the optimal catalytic pH than ATPS 5.

The TLL influences directly the hydrolysis performance once the high concentrated systems can decrease the enzymatic performance and limit the mass transfer of the system. On the other hand, low TLL does not present a satisfactory difference between the partition coefficients of sugar and proteins. To overcome this issue, a liquefaction of the bagasse in buffer (conventional hydrolysis) prior to ATPS formation would promote the adsorption of the enzymes to the bagasse and the conversion at high initial rates. After the ATPS formation, the sugar concentration would partition in the system and the reaction rate would be maintained until the achievement of the inhibitory concentration of products in one of the phases. The mass transfer limitation should be smaller in this mode of operation, once the substrate would be partially hydrolyzed when the ATPS are formed. Moreover, the conventional and mild environment used to liquefy the bagasse would prevent the enzymatic activity reduction due to salt contact (present in ATPS) in the beginning of the reaction. Surprisingly, the liquefaction for 24 h followed by hydrolysis did not contribute to the maintenance of the conversion rate (Figure 5). After 24 h liquefaction (conventional hydrolysis at 20% WIS solid load and 10 FPU/g bagasse enzyme load), the enzymes were already inhibited (Figure 5B). In order to take advantages of both conventional and ATPS hydrolysis, the liquefaction should provide conversion at high initial rates and the ATPS formation should enable a high total sugar release due to the partition of product to other phase. Then, a liquefaction of the bagasse for 6 h prior to hydrolysis in ATPS would provide both benefits. Moreover, a higher initial rate could be achieved by increasing the enzyme load to 20 FPU/g bagasse (Figure 2). The liquefaction before the ATPS formation also overcomes the challenge of fitting the volume of bagasse in the volume of the reactive phase, since the substrate will be partially converted and the solid load decreased when biphasic system is formed.



Recycle and Recovery of System Components

The strategy designed to recuperate the product (sugar) in this process suggests the sequential partition of sugar to the top phase and the recovery occurring in that phase (PEG-enriched phase) after ultrafiltration. Theoretically, the permeate stream containing the product also presents soluble lignin and salt in the same concentration of the salt in top phase. The recovery of sugar could be improved by an ATPS presenting higher partition coefficient of glucose and by strategies to remove salts in accordance to the application of product stream.

In the system configuration of top phase as reactive phase, the ultrafiltration operation unit also grants the recycle of PEG and enzymes back to the process. However, enzymes do not desorb from bagasse after maximum conversion is achieved in conventional hydrolysis (Figure 2), impairing their recycle to the system reaction as free enzymes. A similar high binding capacity of around 85% of the cellulolytic enzymes has been reported by Gao et al. (2013). This irreversible cellulose binding was observed for hydrolysis involving lignocellulosic substrates, contrarily for amorphous cellulose hydrolysis, in which the substrate favors the desorption after depletion of substrate (Gao et al., 2013). However, due to the extensive solubilization of cellulose and hemicellulose, the irreversible binding of cellulose is mostly related to the presence of lignin. Moreover, the binding capacity of the enzymes does not indicate an improved cellulose conversion since the enzymes can be non-productively bound to the substrate (Gao et al., 2013). The recycle of enzymes from the supernatant has already been demonstrated to succeed at industrial conditions (high solid load and low enzyme dosage) for wheat straw substrate hydrolysis (Haven et al., 2015). This recycling strategy is restricted to the enzymatic stability of the recovered enzymes. Improved conditions for enzyme stability can enhance the potential of recycling free/desorbed enzymes (Haven et al., 2015). In a continuous system, the free enzymes are constantly removed from the reaction. The removal of desorbed/free enzymes does not impact significantly the rate and extent of the hydrolysis (Hu et al., 2018). However, it is important that the recycle occurs after the equilibrium in enzymatic adsorption is achieved.

Considering the reactive phase as the bottom phase, the enzymes are recycled back to the system adsorbed to the unconverted biomass. The recycle of enzymes associated with insoluble solids has already been proven as an effective method to decrease enzyme usage when operating hydrolysis in several rounds (Weiss et al., 2013). The bound enzymes are capable of hydrolyzing cellulose from fresh substrate. Moreover, the solid recycle method increases the contact time between catalyst and substrate, and enables unreacted substrate to return to the reaction. Increasing the amount of solid fraction recycled also increases the glucose release. However, the recycle of solids leads to increased lignin in the solid composition and increased total solid concentration, which requires higher tank size and a process able to deal with higher solids concentration and volumes. Thus, the process should be balanced between recycling enzyme activity and increased operating solids concentration. This method of recycling enzymes requires complementation of fresh enzymes at each recycle round once there are losses of enzymes in the liquid fraction and non-productive binding to lignin (Weiss et al., 2013).



Parameter Definition to a Process Design and Technical Challenges

Here, we bring an overview of parameter definition when designing the extractive process to relieve product inhibition based on ATPS. In addition to the process definition provided by the experimental data, we indicate other aspects of the process design that could be benefited by additional experiments (summarized in Table 4).


Table 4. Information to be retrieved from experiments to provide empirical basis to a reliable definition of parameters to the process design.

[image: Table 4]

Because the phase-forming components can influence the partition of the bagasse in the system, polymer and salts can be chosen in order to promote the reactive phase (enriched in substrate and adsorbed enzymes) apart from the glucose-enriched phase. Moreover, the selection of phase forming components and concentration (TLL) should also be based on the capacity of maintaining the enzymatic activity of cellulases. The appropriate choice of components determines the efficiency of the ATPS-based hydrolysis. As presented in Figure 1, the ATPS reactor has a separate vessel for phase separation. At this stage, the bagasse is partially hydrolyzed and the process design is not affected by the different partitioning of bagasse observed before and after hydrolysis.

In a continuous process involving ATPS, the recycling of components requires more attention than monophasic systems (conventional hydrolysis) since the recycled stream might not contain the same composition of phase forming components as the initial one (the TLL can alter at each cycle) depending on the recycled, purged, and fresh streams of system components. In order to estimate the outlet concentrations of top and bottom phases, given the new inlet composition of the ATPS, phase diagrams previously reported by Bussamra et al. (2019) were used. To automatically predict the new phase compositions partition coefficients, a thermodynamic model should be developed and implemented on the design calculation. Different compositions of top phase can affect the repartitioning of sugar. Giving the experimentally determined partition coefficient of this solute in the corresponding system composition, the authentic number of cycles to repartition glucose and achieve the desired sugar recovery can be empirically determined in order to model a reliable recovery operation.

Although the conventional hydrolysis does not indicate a desorption of enzymes after the reaction, PEG has been demonstrated to favor enzyme adsorption on the surface of the biomass, preventing the binding to the lignin (Malmsten and Van Alstine, 1996; Haven and Jørgensen, 2013). This feature of the ATPS could promote the recycle of enzymes and validate the hydrolysis model proposed by Stickel et al. (2018), in which the concentration of free enzymes increases with the decrease of substrate (glucan). Moreover, the non-selective partition and adsorption of the different enzymatic activities tested suggest a constant recycled cocktail composition. In the dextran-PEG 20000 system reported by Tjerneld et al. (1985), all the cellulolytic enzymes partitioned to the bottom phase, not affecting the continuous process of cellulose conversion in ATPS (Tjerneld et al., 1991). The paradigm that β-glucosidase (from Cellic CTec 2) would not adsorb to the substrate or only adsorb to a min or extent had already been broken by Haven and Jørgensen (2013). Some preferential adsorption of enzymatic classes has been observed for the cocktail Cellic CTec 3, in which cellobiohydrolase presented a higher binding affinity toward the substrate than endoglucanase (Hu et al., 2018). The preferential adsorption can be connected to the required enzymatic classes to hydrolyze a specific substrate composition. However, the recycled stream of the enzymes is an outcome not only from the ATPS separation reactor, but also from the ultrafiltration operation unit. Based on that, the evaluation of the partition of specific enzymatic classes on retentate and permeate from ultrafiltration should also be considered. Consequently, the recovery efficiency should be assessed in terms of maintenance of enzymatic activity after ultrafiltration (retentate stream), and considering the number of ultrafiltration cycles needed to repartition glucose and obtain the desirable recovery of this product. When assessing the enzymatic activity of the retentate to be recycled to the system, it is also important to regard the theoretical loss of enzymes in the permeate and purge streams (Stickel et al., 2018).

Combining the empirical information reported in this work (Table 1) with literature evidence, a qualitative process was designed to conduct enzymatic hydrolysis in ATPS. Moreover, the kinetic data on conventional and ATPS enzymatic hydrolysis generated here can improve the fundamental understanding of variables regarding the enzymes and substrate. A more detailed and phenomenological understanding of the hydrolysis process can give insights on kinetic models and/or validate existent ones (Bansal et al., 2009). In conclusion, the set of information acquired so far indicates that the ATPS hydrolysis could be reasonable modeled under such considerations.




CONCLUSION

This study demonstrated the suitability of conducting the enzymatic hydrolysis of lignocellulosic materials in aqueous two-phase systems (ATPS). This extractive technique, when applied to enzymatic conversions in the presence of solid substrate, presents peculiarities regarding the enzymatic activity performance and the partition of the substrate in dependence on the system composition. In the ATPS enzymatic hydrolysis, the reactive phase is determined by the substrate enriched-phase since the majority of the enzymes adsorbs to the fibers. The process design for such application involves a liquefaction of the bagasse prior to the ATPS hydrolysis. Because the proteins do not desorb from the fibers along the hydrolysis, the approach considering the recycle of enzymes when adsorbed to the substrate is more appropriate. Experimental studies on the ultrafiltration unit operation would substantiate the assumptions regarding the feasibility to recycle not adsorbed enzymes and phase forming components, and to recover the product. Based on the data acquired and literature evidence, this work provides valuable information (technical conditions) to a future quantitative evaluation of the processes.
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A green process for the hydrogenation of sugars to sugar alcohols was designed in aqueous medium using hydrous ruthenium oxide (HRO) as a pre-catalyst supported on Na-β zeolite. Under optimized reaction conditions, sugars such as xylose, glucose, and mannose converted completely to the corresponding sugar alcohols xylitol, sorbitol, and mannitol with 100% selectivity. The pre-catalyst (HRO) is converted in situ to active Ru(0) species during the reaction under H2, which is responsible for the hydrogenation. The catalyst was recyclable up to five cycles with no loss in activity. The reduction of HRO to the active Ru(0) species is dependent on the reaction temperature and H2 pressure. Ru(0) formation increased and consequently an increased hydrogenation of sugars was observed with an increase in reaction temperature and hydrogen pressure. Further, in situ generation of Ru(0) from HRO was assessed in different solvents such as water, methanol, and tetrahydrofuran; aqueous medium was found to be the most efficient in reducing HRO. This work further demonstrates the use of supported HRO as an efficient pre-catalyst for biomass-based hydrogenation reactions.

Keywords: sugars, sugar alcohol, hydrogenation, hydrous ruthenium oxide, in situ reduction, recyclable catalyst


INTRODUCTION

Lignocellulosic biomass is an important raw material for the production of fuels, polymer, and chemical intermediates. Biomass is renewable, unlike fossil resources, and its conversion maintains the CO2 level in the atmosphere. Their usage is also beneficial to the rural economy (Werpy et al., 2004; Climent et al., 2011b; Serrano-Ruiz et al., 2011; Vennestrøm et al., 2011; Melero et al., 2012). The Department of Energy (DOE) and universities of Europe listed important building blocks from such lignocellulosic biomass that includes polyols in addition to carboxylic acids, phenolic, and furan compounds (Lange et al., 2012; Kelkar et al., 2014; Sheldon, 2014; Teong et al., 2014). Sugars derived from cellulose and hemicellulose of lignocellulosic biomass are used for the preparation of sugar alcohols by selective hydrogenation, and several industries worldwide are interested in this conversion. The global consumption of sugar alcohols is estimated to be 1.6 million metric tons in 2017 and is projected to reach 1.9 million metric tons by 2022 at a CAGR of 3.4% (Climent et al., 2011a; Luterbacher et al., 2014).

Sugar alcohols such as sorbitol, xylitol, and mannitol are commonly available low-calorie sweeteners and are used in various industries like food, cosmetics, and pharmaceuticals. The sugar alcohols are non-toxic, non-carcinogenic, and non-hygroscopic. Thus, these could be safely consumed by diabetic patients (Grembecka, 2015). Moreover, sorbitol is the starting material for the production of ascorbic acid (vitamin C) and also is a precursor for hexane fuel (Corma et al., 2007; Alonso et al., 2012). Aside from their widespread use as sweeteners, the sorbitol-derived isosorbide and anhydro-sugars are industrially relevant as precursors for the preparation of PET like polymers such as polyethylene isosorbide terephthalates. The xylitol-derived xylaric, xylonic acid, and the mixture of hydroxyl furans can open up new opportunities in polymer preparation. The specific hydrogenolysis (C-C and C-O) of sorbitol and xylitol results in polyols like propylene glycol, ethylene glycol, and glycerol (Supplementary Figure 1). Controlled hydrogenolysis of sugar alcohols results in lactic acid, which is largely used in polylactate production (Bozell and Petersen, 2010; Gallezot, 2012; Kobayashi and Fukuoka, 2013; Isikgor and Becer, 2015; Zada et al., 2017).

The hydrogenation of sugars to sugar alcohols has been extensively studied with homogeneous and heterogeneous catalysts, among which heterogeneous Ni- and Ru-based catalysts are found to be more effective (Corma et al., 2007; Alonso et al., 2012; Chatterjee et al., 2015; Zhang et al., 2016; Zada et al., 2017). This hydrogenation is industrially practiced mainly with a Raney® Ni catalyst under aqueous basic medium and encounters a problem of Ni leaching. Many elements have been incorporated in Raney® Ni to improve the stability and enhance the catalytic activity (Wisniak et al., 1974; Chao and Huibers, 1982). Mo-, P-, Cr-, and Fe-promoted Raney® Ni catalyst showed lesser deactivation for the conversion of glucose to sorbitol and xylose to xylitol (Li et al., 2000; Mikkola et al., 2000; Kusserow et al., 2003). Ni–B/SiO2 amorphous catalyst (prepared by chemical reduction with KBH4) rendered a good conversion of glucose as compared to conventional Raney® Ni (Li et al., 2002). Morales et al. discussed a mixed metal oxide catalyst La1−xCexAl0.18Ni0.82O3 (x = 0.0, 0.1, 0.5, 0.7) for xylose-to-xylitol conversion at 100°C, 25 bar H2 for 5 h and achieved 100% conversion with moderate selectivity (Morales et al., 2016).

To counter the leaching issues with Ni catalysts, Ru-based catalysts have also been employed for this hydrogenation. The supported Ru catalysts show good catalytic activity, product selectivity, and stability as compared with Ni-based catalysts. Guo et al. reported an ultrafine Ru-B amorphous alloy catalyst for the conversion of glucose to sorbitol. This catalyst was shown to be more active than crystallized Ru-B and Ru powder catalysts (Guo et al., 2003). Ru catalysts employed mainly two supports [i.e., carbon (different forms: activated, foam, and nanotubes) and γ-Al2O3 under batch and continuous modes at 110–130°C and 20–40 bar H2 to yield 95–98% of the desired sugar alcohols (Arena, 1992; Hoffer et al., 2003; Eisenbeis et al., 2009; Sifontes Herrera et al., 2011; Aho et al., 2015; Pham et al., 2016)].

A Ru/NiO-TiO2 catalyst reported by Hwang's group resulted in 96% conversion of glucose with 98% selectivity of sorbitol at 120°C, 55 bar H2 for 2 h. Complete conversion of mannose with >90% selectivity of mannitol in 4 h and >99% conversion of xylose with >99% selectivity for xylitol in 2 h was also reported (Mishra et al., 2012; Yadav et al., 2012; Mishra and Hwang, 2013). The same research group reported Ru/H-Y zeolite (prepared by NaBH4 reduction in ethanol under N2) catalyst for sugar hydrogenation showing 98% conversion of xylose and 98% selectivity for xylitol and >98% selectivity of sorbitol with the quantitative conversion of glucose under 55 bar of H2 at 120°C for 2–3 h (Mishra et al., 2013, 2014). Ru supported on amine functionalized nanoporous polymer (AFPS) was effective in converting glucose to sorbitol with 98% selectivity at 100°C, 55 bar H2 for 2 h (Dabbawala et al., 2016). However, in all these reports, a very high hydrogen pressure was required to enable such high yields.

The Mu group reported Ru/ZSM-5 (obtained from H2 reduction) as catalyst for hydrogenation of glucose to sorbitol in 2 h with 99% conversion and selectivity at 120°C, under 40 bar H2 (Guo et al., 2014). Zhang et al. screened several catalysts for glucose hydrogenation to sorbitol, including Ru/MCM-41, Pd/C, Ru/C, and Raney® Ni. Among these, the Ru/MCM-41 (obtained from formaldehyde reduction process) catalyst showed highest catalytic activity (complete conversion with >80% selectivity) at 120°C, 30 bar H2 for 2 h. However, a decrease in the catalytic activity was observed in subsequent reaction cycles (Zhang et al., 2011). The Shiju group employed Ru on TiO2 (calcined at 800–900°C) for the complete conversion of xylose to xylitol with 98% yield at 120°C and 20 bar H2 (Hernandez-Mejia et al., 2016).

Generally, the catalysts used for this hydrogenation are reduced metals that require a pre-reduction step before reaction. The step involves additional energy (electricity, H2, and manpower) and time, and is often more energy-intensive compared to the catalytic reaction. To minimize the energy requirements for the synthesis of active catalysts used in hydrogenation and hydrodeoxygenation reactions, our group has been working on the in situ generated catalysts. Hydrous ruthenium oxide (HRO) is one such efficient pre-catalyst wherein the catalytically active Ru(0) species is generated in situ under mild reaction conditions in an aqueous medium that drives the reaction (Gundekari and Srinivasan, 2019). In the present work, HRO is discussed as the pre-catalyst for the hydrogenation of sugar to sugar alcohols. A comparison of the performance of our in situ generated catalyst with the reported catalytic systems have been summarized in the Supplementary Table 1.



EXPERIMENTAL


Materials and Methods

Sorbitol (≥98%), xylitol (≥99%), mannose (99%), and RuCl3.xH2O were purchased from Sigma-Aldrich. Xylose (98%), mannitol (99%), and RuO2 were procured from Alfa Aesar. The Na-β zeolite was purchased from Zeochem, Switzerland. Glucose, metal salts, and hydrogen (>99.99% purity) were purchased from local vendors in India.



Catalyst Preparation
 
Hydrous Ruthenium Oxide (HRO)

HRO catalyst was prepared by a simple precipitation method: a solution 0.001 M of RuCl3 was added to the appropriate amount of CaCO3 aqueous solution and allowed to stand for 1 h without any stirring and heating. pH 7–8 was maintained during the reaction. The obtained precipitate was washed several times with water for the removal of chloride ions (confirmed with AgNO3 solution) and dried for 3 h at 100°C.



HRO/Na-β

HRO supported on Na-β zeolite was prepared by simultaneous precipitation of HRO and its impregnation on Na-β zeolite. The 0.001 M of RuCl3 solution is mixed with the appropriate amount of aqueous CaCO3 solution and the desired amount of zeolite, with pH maintained at ~7–8. The resulting mixture was stirred up to 12 h at room temperature; the obtained precipitate was washed with water and dried for 3 h at 100°C.




Procedure for Catalytic Hydrogenation of Sugars

The reactions were carried out in a stainless steel (SS-316) high-pressure 100-ml reactor (Amar Equipment PVT. LTD. India), equipped with an electrically heated jacket with a mechanical stirrer. The reactor was loaded with the catalyst and the substrate (sugars) dissolved in water, purged with N2 three times before pressurizing with a fixed amount of H2, and the reaction was carried out at desired temperatures and time duration. After completion of the reaction, the reactor was cooled to room temperature and the excess H2 was released. The catalyst was separated by simple centrifugation and used for the next cycle without any pretreatment.



Product Analysis

The quantitative analysis of product mixture was done by using the Shimadzu Ultra-High Performance Liquid Chromatography (UHPLC) system equipped with low-temperature evaporative light scattering detector (ELSD-LTII) using a Supelcogel-610H column. The mobile phase was distilled H2O with a flow rate of 0.5 ml min−1, and the column oven was set at 40°C.



Catalyst Characterization

PXRD measurement was carried out in a Philips X'Pert MPD system using Cu Kα radiation (λ = 1.5406 Å). The operating voltage and current were 40 kV and 30 mA, respectively. A step size of 0.04° with a step time of 2 s was used for data collection. The data were processed using the Philips X'Pert (version 2.2e) software. Identification of the crystalline phases was made by comparison with the JCPDS files.

Thermogravimetric analysis (TGA) was carried out in Mettler-Toledo (TGA/SDTA 851e) and the data were processed using Stare software, in air at a flow rate of 60 ml/min and at a heating rate of 10°C/min in the temperature range 50–900°C.

Transmission electron microscope (TEM) images were obtained with a JEOL JEM-2100 microscope with an acceleration voltage of 200 kV using carbon-coated 200 mesh copper/gold grids. The samples were ultrasonically dispersed in ethanol for 5 min and deposited onto carbon film using capillary and dried in air for 30 min.

The surface morphology studies were done with a scanning electron microscope (JEOL series JSM-7100F) equipped with Oxford instruments energy-dispersive X-ray spectrometer (EDX) facility. The samples were coated with gold using sputter coating before analysis to avoid charging effects during recording. Analyses were carried out with an accelerating voltage of 15 kV and a working distance of 10 mm, with magnification values in-between 500 × and 15,000 ×.

The acidity of HRO/Na-β was analyzed through pyridine adsorption and monitored using Fourier-transformed infrared (py-FTIR) spectroscopic technique. For py-FTIR analysis, the sample was initially oven-dried at 100°C for 3 h. To the oven-dried sample (50 mg), 0.1 ml of pyridine was admixed directly. The physisorbed pyridine present in the sample was dried in the oven at 120°C for 1 h to remove it. Further, the sample is cooled to room temperature, the spectra were recorded with a nominal resolution of 4 cm−1 in the spectral range of 400–4,000 cm−1 using a KBr background, and 15 scans were accumulated for spectrum.

Elemental chemical analyses of the samples were determined using inductively coupled plasma emission spectrometry (ICPOES; Perkin Elmer, OES, Optical 2000 DV). The samples were digested in a minimum amount of concentrated HNO3 and H2SO4 further diluted using milli Q water <10 ppm and analyzed.

Specific surface area and pore size analysis of the samples were measured by nitrogen adsorption at −196°C using a sorptometer (ASAP-2020, Micromeritics). The samples were degassed under vacuum at 80°C for 90 min prior to measurements in order to expel the interlayer water molecules. The BET-specific surface area was calculated by using the standard Brunauer, Emmett, and Teller method on the basis of adsorption data.




RESULTS AND DISCUSSIONS


Studies of Catalyst Screening and Reaction Optimization Parameters for Hydrogenation of Xylose to Xylitol

HRO pre-catalyst was synthesized to demonstrate selective hydrogenation of sugars (xylose, glucose, and mannose) to sugar alcohols (xylitol, sorbitol, and mannitol) catalyzed by in situ generated Ru(0) active species. An initial blank experiment on xylose hydrogenation was conducted at 120°C, 30 bar H2 for 1 h, in absence of catalyst; no reaction was noted (Table 1, entry 1). During catalyst screening, 5% Ru/C showed 100% conversion of xylose with 99% yield of xylitol (Table 1, entry 2). Then, we checked the catalytic efficiency of our Na-β zeolite supported HRO material (HRO/Na-β) and it showed conversion and yield similar to 5% Ru/C catalyst (Table 1, entry 3). The energy-efficient preparation of in situ generated Ru-HRO@Na-β catalyst (explained in the catalyst characterization) from HRO/Na-β during reaction was interesting to us. Hence, we have explored this material for the hydrogenation of various sugars to sugar alcohols. In all the hydrogenation reactions, we have observed 100% selectivity of the desired sugar alcohols, and thus only the conversions (%) of reactants (sugars) are mentioned in the subsequent sections.


Table 1. Catalyst screening and optimization reaction condition for the hydrogenation of xylose to xylitola.
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Reaction parameters such as temperature, hydrogen pressure, and reaction time were varied using HRO/Na-β as the catalyst precursor in order to identify a mild reaction condition for the hydrogenation of sugars. Xylose hydrogenation is studied for optimization of reaction conditions. The temperature was decreased from 120 to 60°C by steps of 20°C at 30 bar H2 for 1 h using 5 wt% of HRO/Na-β (50 mg) (Table 1, entries 3–6). Complete conversion of xylose was observed at 120, 100, and 80°C, and a decreased conversion to 80% was observed on further reducing the temperature to 60°C. Thus, the temperature was fixed at 80°C for subsequent reactions. H2 pressure was varied from 30 to 10 bar by a factor of 10 at 80°C for 1 h, and it was observed that 20 bar H2 was sufficient for the complete conversion of xylose. Ten bar H2 showed a decrease in conversion of xylose to 77%; thus, the H2 pressure was fixed at 20 bar (Table 1, entries 5, 7, and 8). After having optimized the temperature (80°C) and pressure (20 bar H2), the reaction time was decreased from 60 to 30 min. Complete conversion of xylose to xylitol was observed even after 30 min of reaction (Table 1, entry 7 and 9).

The xylose hydrogenation was also conducted with un-supported HRO at optimized reaction conditions. After the reaction, the obtained material, named Ru-HRO-1 [HRO is not completely converted to Ru(0)], showed 85% conversion of xylose (Table 1, entry 10). The supported HRO on Na-β-zeolite (HRO/Na-β) showed 100% conversion, implying that the support is playing a positive role to improve the catalytic activity of Ru-HRO-1. Ru(0) sites are well-dispersed in the support and hence easily accessible to the substrate molecules. This was confirmed from TEM analysis (Figure 8D). In case of un-supported Ru-HRO, Ru particles are agglomerated (Figure 8B), effectively reducing the available active sites and hence conversion observed in this case was less when compared with supported Ru-HRO. In addition, the supported catalyst is easy to remove after the reaction as compared to Ru-HRO-1. Xylose hydrogenation was also conducted with RuO2 and resulted in a decrease in conversion (30%) as compared with the HRO material (Table 1, entries 10 and 11). Under the reaction conditions, the RuO2 generates a smaller number of Ru(0) active catalytic species compared to HRO, which is demonstrated by PXRD (Figure 1). The PXRD of Ru-HRO-1 (recovered material from Table 1, entry 10) showed a high-intensity peak of Ru(0) at 43°, which was less in Ru-RuO2-1 (recovered material from Table 1, entry 11). TPR analysis revealed that HRO reduction started at a lower temperature (135°C) compared to RuO2 (250°C) (Gundekari and Srinivasan, 2019). Using HRO, reaction conducted in the presence of methanol as solvent showed only 8% conversion of xylose with 100% selectivity for xylitol (Table 1, entry 12). Compared to aqueous medium, the organic solvents proved to be less effective for the conversion of HRO to active Ru(0). The detailed explanation of the effect of solvents in the conversion HRO to Ru (0) is mentioned in section Catalyst Characterization. The catalytic activity was successfully demonstrated at a 5-g scale of xylose, and >99% conversion of xylose was achieved without compromising the selectivity of xylitol under the optimized reaction conditions (Table 1, entry 14). The concentration of xylitol was further increased to 10 g (25 wt%) and 15 g (37.5 wt%) scale, and a decrease in the conversion [i.e., 68 and 47% (Table 1, entry 15 and 16), was observed]. The decrease in the catalytic activity is due to the decrease in the Ru wt% in the catalyst. The product mixture in the case of the 10- and 15-g scale turned light green in color from a colorless solution, which is presumably due to the leaching of Ru metal from zeolitic support.


[image: Figure 1]
FIGURE 1. PXRD of materials before (HRO and RuO2) and after reaction (Ru-HRO-1: Recovered material from Table 1, entry 10 and Ru-RuO2-1: Recovered material from Table 1, entry 11).




Optimization of Reaction Conditions for Hydrogenation of C6-Sugars (Glucose and Mannose) to Sugar Alcohols (Sorbitol and Mannitol) Using HRO/Na-β Pre-catalyst

The optimized reaction condition for the conversion of xylose to xylitol is 80°C, 20 bar H2 for 30 min. Hydrogenation of glucose was attempted under this reaction condition; 85% conversion was observed for glucose (Table 2, entry 1). The decrease in conversion may be attributed to the difference in the size of the molecule from xylose to glucose. Actually, the Ru particles formed via in situ reduction of HRO are very small (average particle size ~ 1–2 nm; Figure 8). Some of the finer Ru particles deposit on the pores (0.67 nm) of β-zeolite support (Hao et al., 2018). The Stokes diameter of xylose is 0.64 nm, which can easily enter β-zeolite pores and interact with the ultrafine Ru particles. Owing to the highly active nature of these Ru particles, the hydrogenation of xylose was accelerated (Sjoman et al., 2007; Roli et al., 2016). The Stokes diameter of glucose is 0.73 nm; it cannot go inside the pores of β-zeolite and does not interact with such ultrafine Ru particles, which may be the reason for the activity difference in xylose and glucose (Sjoman et al., 2007; Roli et al., 2016). To improve the conversion of glucose, the reaction parameters were modified (temperature increased from 80 to 100°C and reaction time enhanced from 30 min to 45 min). Under these reaction conditions (100°C, 20 bar H2 for 45 min), glucose was completely converted to sorbitol (Table 2, entries 2 and 3). Similar conversion and selectivity were also observed for mannose hydrogenation to mannitol (Table 2, entry 4).


Table 2. Optimization of reaction condition for glucose and mannose hydrogenation to sorbitol and mannitol using HRO/Na-β pre-catalysta.

[image: Table 2]

The catalytic activity is dependent on the reaction temperature and pressure (H2). An increase in these parameters increases the reduction capacity of HRO due to an increased conversion to Ru(0), which is the active species for hydrogenation. Increasing reaction temperature from 100 to 200°C and pressure (H2) from 20 to 40 bar completed the conversion of glucose to sorbitol within 10 min of time (Supplementary Table 3, entries 1–3). Increase in the reduction of HRO on changing the parameters was supported from various physicochemical techniques, and discussed in the catalyst characterization section.



Recyclability of Ru-HRO@Na-β Catalyst for Xylose Conversion to Xylitol

The recyclability of a catalyst is attractive for bulk chemical synthetic industrial applications. After the xylose-to-xylitol conversion (Supplementary Table 2, entry 1), the catalyst was removed from the product mixture by simple centrifugation, washed with deionized water, and further used for the next cycle under our optimized reaction conditions. The observed catalytic activity was comparable to the fresh catalyst (Supplementary Table 2, entry 2). The same procedure was followed for four more reaction cycles, and similar catalytic activity [i.e., 98–99% conversion of xylose with 100% selectivity (Supplementary Table 2, entries 3–6), was observed]. The ICP analysis showed the leaching of a negligible amount of Ru metal into the aqueous product mixture after these reaction cycles. At a higher concentration of the sugar solution, the recyclability of the catalyst is poor because of significant amount of Ru metal leaching from the support. We observed only 26% of conversion in the second cycle of the 15-g scale where the conversion was 47% in the fresh cycle (Table 1, entries 16 and 17).



Catalyst Characterization

HRO consists of Ru in multiple oxidation states, and the material acts as a pre-catalyst (catalyst precursor). Under hydrogen environment at elevated temperatures, HRO in situ generates Ru(0) nanoparticles, which is the active catalytic species. In situ formation of Ru(0) from HRO is studied by various analytical tools. The PXRD of HRO did not show any diffraction peaks attesting to its amorphous nature. After the reaction (Table 1, entry 10), the obtained material (Ru-HRO-1) showed diffraction peaks at 2θ of 38.3, 41.9, 43.7, 58.3, 69.4, and 78.4, corresponding to (100), (002), (101), (102), (110), and (103) planes of the hexagonal close-packed (hcp) Ru metal, respectively (ICDD-JCPDS card No. 06-0663) (Figure 1). The Na-β support shows diffraction peaks at 7.2, 21.4, 22.4, 25.2, 27.0, 28.7, and 29.5, which were characteristic peaks of this zeolite. Similar peaks were observed after impregnation of HRO, which indicate that the HRO impregnation did not affect the crystallinity of the zeolite. Na-β zeolite support retained its crystallinity even after the reaction. HRO was converted to Ru(0), as was depicted from the new peak at 43°, corresponding to Ru(0) (Figure 2).


[image: Figure 2]
FIGURE 2. PXRD of Na-β, HRO/Na-β, and Ru-HRO/Na-β-1 (Recovered material from Supplementary Table 2, entry 1).


A set of reactions were conducted for 10 min in aqueous medium at different temperatures to understand the reduction of HRO (Figures 3, 4). The reduction of HRO to Ru(0) critically depends on the temperature and H2 pressure. The reduction is dependent on the temperature and H2 pressure; increasing these parameters increased the reduction efficiency. The PXRD profile of the obtained Ru-HRO-1 material from HRO at different temperatures (50, 100, 150, and 200°C) was monitored in Figure 3 (the materials denoted as Ru-HRO-1-T50, Ru-HRO-1-T100, Ru-HRO-1-T150, and Ru-HRO-1-T200) which reveals an increase in the intensity of Ru(0) peak with the increase in reaction temperature. When the H2 pressure was increased from 20 to 40 bar, we observed a similar increase in the intensity of Ru(0) peak (Figure 4) and materials are denoted as Ru-HRO-1-P20 and Ru-HRO-1-P40.


[image: Figure 3]
FIGURE 3. Reduction of HRO to Ru(0) at different temparatures (50–200°C). Reaction conditions: 25 mg of HRO in 40 mL of H2O, 20 bar H2, 10 min.



[image: Figure 4]
FIGURE 4. Reduction of HRO to Ru(0) at different H2 pressure (20–40 bar H2). Reaction conditions: 25 mg of HRO in 40 mL of H2O, 100°C, 10 min.


TGA of materials are shown in Figure 5. The weight loss of HRO (22%) was observed in the temperature range of 50 to 350°C. The weight loss at the temperature range 50 to <200°C is consistent with the loss of physisorbed H2O molecules on the HRO and >200 to 350°C temperature range is attributed to strongly held H2O molecules in HRO. After TGA, the obtained material is crystalline RuO2, which is confirmed by PXRD, due to the presence of intense peaks corresponding to 110, 101, 200, 211, 220, 002, 310, 112, 301, and 201 planes of tetragonal RuO2 (JCPDS card no. 21-1172). This implies that the presence of strongly held H2O molecules results in the amorphous nature of HRO (Figure 6a). On the other hand, at 200°C (Figure 3), Ru(0) was generated from HRO during the reaction. The material obtained after the reaction showed a weight gain (23%) in TGA gradually from 50 to 900°C. In the presence of air atmosphere, the Ru(0) particles generated in the course of the reaction forms the RuO2 under TGA conditions, and it was the reason for the observed weight gain (Figure 6b). The experiment also supported the in situ formation of Ru(0) from HRO during the reaction.


[image: Figure 5]
FIGURE 5. TGA of HRO and Ru-HRO-1 (Recovered material from Supplementary Table 3, entry 2).



[image: Figure 6]
FIGURE 6. PXRD of materials obtained after thermogravimetric analysis. (a) HRO (b) Ru-HRO-1.


Mishra et al. disclosed that mild acidity of support (zeolites) increases the selectivity of sugar hydrogenated product (Mishra et al., 2014). The py-FTIR of the catalyst precursor (HRO/Na-β) shows a peak between 1,490 and 1,480 cm−1, corresponding to a mixture of Brönsted and Lewis acidic sites. Another peak observed at 1,450–1,435 cm−1 identifies the Lewis acidic sites (Figure 7).


[image: Figure 7]
FIGURE 7. py-FTIR of the catalyst precursor HRO/Na-β.


The TEM images of Ru in HRO particles showed agglomeration. After the reaction, the obtained material (here, Ru-HRO-2; recovered material from Table 1, entry 13) showed a decrease in agglomeration, which might be due to a cleavage of Ru-O-Ru linkages while forming Ru(0) from HRO (Figures 8A,B). A similar observation was found in SEM analysis also; HRO consists of bulk clusters on the grid, but in the case of Ru-HRO-2 (recovered from Table 1, entry 13), a decrease in the clusters concomitant to an increase in individual particles were observed (Figures 9A,B). SEM-EDX is shown in Supplementary Figures 2A,B. HRO consists of 50% of oxygen and the remaining is Ru. A decrease in the oxygen content was observed for Ru-HRO-2 (recovered material from Table 1, entry 13) up to 29%. The oxygen and water molecules in HRO were removed at elevated temperatures under reductive environment of our reaction conditions resulting in Ru(0). It was also confirmed that the entire HRO is not reduced in a single reaction cycle and the Ru(0) amount increases with successive reaction cycles. The TEM images of HRO supported on Na-β showed that the HRO clusters were well-dispersed on the support and the Ru-HRO@Na-β-2 (recovered material from Supplementary Table 2, entry 2) showed some divided particles ascribed to Ru(0) along with some clusters attributed to the un-converted HRO (Figures 8C,D).


[image: Figure 8]
FIGURE 8. TEM image of materials. (A) TEM image of HRO. (B) TEM image of Ru-HRO-2 (Recovered material from Table 1, entry 13). (C) TEM image of HRO/Na-β. (D) TEM image of in situ formed Ru-HRO@Na-β-2 (Recovered material from Supplementary Table 2, entry 2).



[image: Figure 9]
FIGURE 9. SEM image of materials. (A) SEM image of HRO. (B) SEM image of Ru-HRO-2 (Recovered material from Table 1, entry 13).


The BET-specific surface area of the HRO was measured as 94 m2/g. The nitrogen adsorption isotherms for HRO showed a characteristic type-IV isotherm that was attributed to the capillary condensation of pores with H1-type hysteresis according to IUPAC classification (Figure 10) (Luxton et al., 2011). After the reaction (Table 1, entry 10), the obtained material/in situ catalyst Ru-HRO-1 showed 60 m2/g and retained type-IV isotherm with H1-type hysteresis. We presume that the surface area comes from the existence of HRO in the material. Under the reaction conditions, some of the HRO converts to Ru(0) and thereby reduces the amount of HRO, causing a decrease in the surface area. The surface area and type-IV isotherm observed after the reaction was due to the unconverted HRO in the Ru-HRO-1 catalyst (Figure 10). According to our previous work, HRO has Ru in +6 and +3 oxidation states. The in situ generated Ru-HRO catalyst exhibited (0) and +4 oxidation states, which means during the reaction under H2, the +6 is transformed to +4 and +4 is transformed to (0) (Gundekari and Srinivasan, 2019).


[image: Figure 10]
FIGURE 10. N2 absorption-desorption isotherms of HRO and Ru-HRO-1 (Recovered material from Table 1, entry 10).


The reduction behavior of HRO was studied by conducting a set of reactions mentioned in Table 3 and materials obtained after the reaction were characterized using PXRD (Figure 11a belongs to HRO). The reduction of HRO to Ru(0) was observed in the presence of H2O in the medium and H2 environment (Table 3, entry 1; Figure 11b). Aqueous medium in the absence of H2 did not promote HRO reduction, indicating that H2O was not participating the reduction of HRO. Thus, the H2 consumed for this conversion (HRO to Ru-HRO) is obtained from the molecular H2 only (Table 3, entry 2; Figure 11c). The reaction conducted with only H2 in the absence of H2O and/or any medium showed less Ru(0) in the obtained material as compared with Table 3, entry 1. This result indicates that water facilitates the reaction by increasing the availability of H2 to HRO (Table 3, entry 3; Figure 11d). In the presence of H2, other solvents such as methanol and tetrahydrofuran (THF) showed much less conversion of HRO to Ru(0) (Table 3, entries 4 and 5; Figures 11e,f) as compared with aqueous medium and solvent-free conditions (Table 3, entry 3). From the above set of experiments, the suitability of water as the reaction medium for conducting hydrogenation reactions in the presence of HRO as the pre-catalyst was ascertained.


Table 3. Reduction behavior of HRO.
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[image: Figure 11]
FIGURE 11. PXRD of (a) HRO Ru-HRO-1. The denotation of (b–f) mentioned in Table 3.




Reaction Mechanism

The proposed mechanism of reduction of sugar alcohols is depicted in Supplementary Figure 3 considering the reaction conditions employed. Initially, under a hydrogen environment, a certain amount of HRO is converted to Ru(0), which is the active species for the hydrogenation. The hydrogen molecules are adsorbed on the surface of the in situ generated Ru(0) and form metal–hydrogen bonds. The sugar molecules adsorbed on the surface and in close proximity of Ru-H bonds undergo hydrogenation of the carbonyl group of the sugar molecule (HC=O) to alcohol, thereby forming the corresponding sugar alcohol (CH-OH). The alcohols once formed are desorbed from the surface. Subsequently, Ru(0) metal (freshly formed from HRO or used species for hydrogenation) interacts with the available hydrogen and the reaction continues thereafter as indicated above until the complete conversion of sugar molecules to sugar alcohols.




CONCLUSION

We have successfully demonstrated the selective hydrogenation of sugars (xylose, glucose, and mannose) to corresponding sugar alcohols (xylitol, sorbitol, and mannitol) with 100% yields using HRO/Na-β pre-catalyst under optimized reaction conditions (80–100°C, 20 bar H2, 30–45 min). In situ formation of Ru(0) from HRO during the reaction is characterized by several physico-chemical techniques. Control experiments support the idea that the reduction reaction under aqueous condition is efficient and beneficial for the conversion of HRO to Ru(0) as compared to organic solvents such as methanol and THF. The present catalytic method has the advantage of minimizing the energy and H2 consumption of the overall process by avoiding external reduction (generally used in the conventional catalytic processes). Moreover, the in situ generation of catalyst precludes the need for co-catalysts and additives and has good recyclability.
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ABBREVIATIONS

HRO, Hydrous ruthenium oxide; Ru-HRO, In situ generated Ru along with HRO (general denotation); Ru-HRO-1, In situ generated Ru along with HRO (after 1st cycle using HRO catalyst precursor); Ru-HRO-2, In situ generated Ru along with HRO (after 2nd cycle using Ru-HRO-1); HRO/Na-β, HRO supported Na-β (catalyst precursor); Ru-HRO@Na-β, In situ generated Ru along with HRO on Na-β (general denotation); Ru-HRO@Na-β-1, In situ generated Ru along with HRO on Na-β (after 1st cycle using HRO/Na-β catalyst precursor); Ru-HRO@Na-β-2, In situ generated Ru along with HRO on Na-β (after 2nd cycle using Ru-HRO@Na-β-1); Ru-RuO2-1, In situ generated Ru along with RuO2 (after 1st cycle using RuO2 catalyst precursor).
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Entry H source

1 He
2 -

3 He
4 Hy
5 Ha

Solvent

H20
Hz0
THF
Methanol

PXRD

Figure 11b
Figure 11c
Figure 11c
Figure 11e
Figure 11f

Reaction conditions: 25 mg of HRO material, 40 ml of solvent, 100°C, 20 bar Hp, 30 min.
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S.No  Temp.(’C)  Hppressureinbar  Time(min)  Conv. (%)

18 80 20 30 85

2 100 20 30 92

3 100 20 45 100

4 100 20 45 100
3Reaction conditions: 1g of carbohydrate in 40ml of Hp0, 50mg of HRO/Na-p pre-
catalyst (6 wt%).

®Glucose.

SMannose.
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Entry Catalyst/Pre- Catalyst/Pre-catalyst Temp (°C) Pressure in bar Time (min) Conv. (%)
catalyst (mg) (Hz)

1 Blank - 120 30 60 n.o
2 5% Ru/C 50 120 30 60 99
3 HRO/Na-B 50 120 30 60 100
4 HRO/Na-B 50 100 30 60 100
5 HRO/Na-B 50 80 30 60 100
6 HRO/Na-p 50 60 30 60 80
7 HRO/Na-B 50 80 20 60 100
8 HRO/Na-B 50 80 10 60 60
9 HRO/Na-p 50 80 20 30 100
10 HRO 25 80 20 30 85
1 RuOz 25 80 20 30 30
12¢ HRO 25 80 20 30 8
13 Ru-HRO-1 25 80 20 30 84
14¢ HRO/Na-B 250 80 50 100 >99
159 HRO/Na-B 500 80 50 68 99
16° HROMNa-p 1000 (1g) 80 50 a7 99
17e Ru-HRO@Na-g" 950 80 50 26 99

3Reaction conditions: 1g of xylose in 40m of Hz0, 50mg of HRO/Na-f pre-catalyst (5 wt%% of Ru), 60-120°C, 10-30 bar Ha, 30-60 min.
b1 of xylose in 40ml of metharol,

©5 of xylose in 40mi of HrO.

910g of xylose in 40mi of HO.

215 of xylose in 40ml of H,0.

! Recovered catalyst from entry 16; n.o, Not observed.
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Entry  Feedstock Catalyst Solvent system T(C) HMF yield (%) ~ References

1 Glucose THE PCP(Cr)-NH;— 180 45 Liang et al, 2019
2 Glucose H,O PCP(CH)-NH; 160 307 Liang et al,, 2019
3 Glucose H,O PCP(Cr)-NH,_x 180 36.6 Liang et al., 2019
4 Glucose H0 PCP(CH)-NHz- 200 302 Liang et al,, 2019
5 Glucose HoO/THF (1:2) PCP(C)-NHz 180 583 Liang et al., 2019
6 Glucose HO/THF(1:1) PCP(CH)-NHz 190 56.4 Liang et al,, 2019
7 Glucose HaO/THF(1:2) PCP(C)-NHpx 190 65.9 Liang et al., 2019
8 Glucose HO/THF(1:3) PCP(CH)-NHz 190 643 Liang et al,, 2019
9 Glucose HoO/THF(1:4) PCP(CH)-NHz 190 520 Liang et al,, 2019
10 Glucose HoO/THF(1:2) PCP(CH)-NH;— 200 60.7 Liang et al,, 2019
il Glucose H,0 Al 8H,0 160 22 Yang et al., 2012a
12 Glucose NaGl-H,O/THF ACl; 6H,0 160 52 Yang et al,, 2012a
13 Glucose NaCl-H,0O AlCl3-6H20 160 17 Yang et al., 2012a
14 Glucose NaCH-H,O/THF Ak 6H20 160 61 Yang et al,, 2012a
15 Glucose NaCl-HO/THF HCI 160 12 Yang et al., 2012a
16 Glucose H0 Sn-Beta, HOI 160 27 Nikolla et ., 2011
17 Glucose H,0/1-butanol Sn-Beta, HCI 160 200 Nikolla et al., 2011
18 Glucose NaCl-H,O/1-butanol  Sn-Beta 160 135 Nikolla et al., 2011
19 Glucose NaGI-H,O/1-butanol ~ HCI 160 104 Nikolla et ., 2011
20 Glucose NaCl-H,0/1-butanol Sn-Beta, HCI 160 413 Nikolla et al., 2011
21 Glucose NaCl-H,O/THF Sn-Beta, HOI 180 569 Nikolla et al., 2011
22 Glucose NaGl-H,O/THF Ti-Beta, HOI 180 532 Nikolla et al., 2011
23 Glucose HO/THF Aminopropyl-FMS, propylsulfonic acid-FMS ) 30 Huang et al,, 2014
24 Glucose NaCH-H,O/THF MnPO, 160 59 Xuetal, 2018a
25 Fructose NaCl-HO/THF FePO, 140 75 Yang et al., 2015
26 Cellobiose NaCl-H,O/THF Sn-Beta, HOI 180 130 Nikolia et al., 2011
27 Cellulose THF H2S04 190 44 Yang et al., 2015
28 Cellulose HO/THF NaHS04/Z10, 190 865 Fang et al., 2018
29 Bamboo fiber H,0 - 180 Trace Sun etal, 2015
30 Bamboo fiber H,0 NH,SOsH 180 209 Sunetal,, 2015
31 Bamboo fiver H,0-NaCl NH,SO3H 180 16 Sun etal, 2015
32 Bamboo fiber HoO/THF(1:3) NHZSO3H 180 307 Sun etal, 2015
33 Bamboo fiber NaGFHO/THF(3:1)  NHSOsH 180 13 Sun etal, 2015
34 Bamboo fiber NaCl-HpO/THF(1:1) NH2SO3H 180 39.7 Sunetal,, 2015
35 Bamboo fiber NaCH-HoO/THF(1:3)  NHzSOsH 180 522 Sun etal, 2015
36 Bamboo fiber NaCl-HoO/THF(1:6)  NH,SOsH 180 492 Sun etal, 2015

a7 Starch NaCl-HaO/THF Sn-Beta, HCI 180 518 Nikolla et al., 2011
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Entry Solvent Substrate Catalyst T(C) Yields (%) References
Furfural HMF

1 None Maple wood® 1 W% HzS04 170 62 240 Caietal., 2013
2 1:3 THF-H,O Maple wood® 1 wt% HaS04 170 76° 49 Caietal., 2013
3 1:1 THE-H0 Maple wood® 1 W% HzS04 170 87 13° Caietal., 2013
4 :1 THF-H,0 Maple wood® 1 wt% HzS04 170 87 212 Caietal., 2013
5 3:1 THF-H,0 Maple wood® 1 Wt% ;S04 170 86 21 Caietal., 2013
6 None Maple wood® 1 Wt% H,S04 170 39 26 Caietal., 2013
7 1:4 THF-H,0 Maple wood® 1 W% H,SO4 170 69° 7.6 Caietal., 2013
8 None Maple wood® 1.5 W% HzS04 200 - = Caietal., 2013
9 1:4 THF-H0 Maple wood® FeCls 170 85 16° Caietal., 2014a
10 1:1 THF-H0O Maple wood® CuClz 170 83 142 Caietal.,, 2014a
i 1:4 THF-H,0 Maple wood® ACl; 170 580 18° Caietal., 2014a
12 THF-H,O Maple wood® CrCly 170 43° 150 Caietal., 2014a
13 1:1 THF-H0 Maple wood® 210Cl, 170 440 140 Caietal., 2014a
14 1 THE-H,0 Com stover® HoS04 170 84 16° Caietal., 2014a
15 1:1 THF-H,O Corn stover® FeCly 170 85° 1 Caietal., 2014a
16 1:1 THE-H,0 Com stover® 210Cl, 170 38 142 Caietal., 2014a
17 3:1 THF-H,0 Maple wood® HpS04 170 86 212 Caietal., 2014a
18 :1 THFE-H0 Maple wood® FeCls 170 o7 41 Caietal., 2014a
19 3:4 THF-H,0 Maple wood® CuCl 170 81 20 Caietal., 2014a
20 3:1 THF-H,0 Maple wood® ACls 170 750 33 Caietal., 2014a
21 3:1 THF-H,0 Comn stover® FeCls 170 o7 420 Caietal., 2014a
22 :1 THF-H0 Comn stover® CuClz 170 89* b Caietal.,, 2014a
23 3:1 THF-H,0 Comn stover® ACl 170 76 36 Caietal., 2014a
24 4:4 THF-H,0 Maple wood® FeCly 170 95 512 Caietal., 2014a
25 4:1 THF-H,0 Corn stover® FeCly 170 952 450 Caietal.,, 2014a
26 NaCl-HoO/THF (1/3) Wheat straw SnClp-PTA 180 71 30 Xuetal, 2019
27 NaCl-HO/THF Cellulose AICI3-HCI 180 922 44 Gomes et al., 2018
28 NaCl-H,O/THF Cellulose ZnCla-HC 180 81.4 365 Gomes et al., 2018
29 HeO/THE Comn stover HoS04 190 81 76 Fang et al., 2019

2The yield was based on the theoretical yield.
b5 wt% solid loading.
©10% total solid loading.
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Organic
solvents

DMSO
Dioxane
Water
THF
Ethanol
GVL

Density
(g em™)

1.1
1.0
1.0
09
0.79
1.05

Properties

Boiling
point (K)

462.1
374.0
373.1
339.0
3513
480.1

Solubility
in water

Miscible
Miscible
Miscible
Miscible
Miscible

Advantages, disadvantages for biomass conversion

Poor solubilty, environmental unfriendly and non-renewable, difficult recycle, high boling point
Poor solubility, environmental unfriendly and non-renewable

Green, safe, abundant, but limited solubity for ignin

Easy separation and recycle, renewable, but poor solubility for cellulose and hemicellulose
Safe, renewable, easy separation and recycle, but limited solubilty for biomass

Safe, renewable, good solubilty for lignin, but high boiling point leadss to difficult separation
and recycle
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Solvent Catalyst Conversion of lignin (%) Yield of phenolic monomer (%) References

Phenol Guaiacol Syringol Others

CHeOH® Mgo 907 025 1.36 1.19 6.46 Long et al., 2014
CoHsOH® Mgo 845 025 1.42 1.24 554 Long et ., 2014
CoHsOHH0°  MgO 925 0.82 158 132 7.52 Long etal., 2014
THF Mgo 975 075 281 1.45 7.79 Long et al., 2014
H.0* Mgo 423 023 070 052 074 Long et al., 2014
HLO/THF® NazCOs - 7.4 52 60 48 Jiang et al., 2016
HoO/THF® NapCOy - 56 49 122 42 Jiang et al,, 2016
THF - = 65 279 1.01 1.89 Jiang et al., 2014

Condtion: solvent 40mL, MgO 3.0 mmol, and lignin 0.5, 250°C, 30 min.
b1 step-one: NazCOs was introduced into 100mlL solvent (HO/THF: 3:7, v, 140°C.
°In step-one: NayCOs3 was introduced to 100mL solvent (HyO/THF: 5:5, v/y), 140°C.
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Entry

@® N OO 0N

11
12
13
14

Feedstock

Xylose
Xylose

Xylose

Xylose

Xylose

Xylose

Xylose

Xylose

Xylose

Xylose

Xylose

Hemicellulose hydrolysate
Brown seawesd

Wheat straw

Solvent system

H0
NaCl-H,O/n-Butanol (10/30,v/v)
NaCl-H;0/2-Butanol(10/30,v/)
NaCl-HzO/Toluene(10/30,v/v)
NaCI-H;O/MIBK(10/30,v/)
NaCl-HzO/MeTHF(10/30,vA)
NaCl-HzO/THF(10/30,v/v)
NaCl-Hy O/THF(10/20,v/v)
NaCI-H;O/THF(10/40,v/v)
NaCI-H,O/THF(1/4,v1)
HoO/THF

HO/THF

HO/THF (5/96,vA)
H2O/THF/MIBK(1/1/1, v/v)

Catalyst

CiPO,
CiPO,
CiPO,
CiPO,
CiPO,
CiPO,
CiPO,
CiPO;
CiPO,
ACI;-6H,0
S

co,
HsPW12010
e

T(C)

160
160
160
160
160
160
160
160
160
140
160
170
180
180

Furfural yield (%)

FAEBBR

53.3
39.6
33.8

References

Xuetal, 2018b
Xuetal., 20180
Xu etal., 2018b
Xuetal, 2018b
Xuetal, 2018b
Xuetal, 20185
Xu etal., 2018b
Xu etal., 2018b
Xu etal, 2018b
Yang et al,, 2012b
Ozbek et al, 2018
Ozbek et al., 2018
Park et al., 2016
Moralis et al., 2016
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Temperature (°C)

150

200

250

Time (min)

15
60
90
120
15
60
90
120
15
60
90
120
15
60
90
120

TOC Conversion (%)

29.59
38.49
35.01
3261
47.73
45.87
46.08
46.96
46.52
47.30
45.04
47.41
43.39
49.71
48.26
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Time (min)  150°C without  280°C without  150°C with  280°C with
acid acid acid acid

15

60 0 0.89 [ 11.86
0 0 1.22 0.10 13.26
120 217 105 0.28 13.06
15 0 185 1.54 0.25

60 0.08 0.76 5.54 0.18

0 0.389 0.40 6.60 0.07

120 0.77 0.23 11.91 0.04

15 1147 9.30 11.58 828

60 207 10.64 9.63 8.09

0 1.80 9.51 11.09 8.78

120 1.94 8.65 10.97 8.76
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No acid With 26mM acid

In% Voltage 0 min 60min 180 min O min 60 min 180 min
W
TOG yield o 24 41 98 101 238 499
4 22 26 77 94 287 454
8 21 40 188 103 246 503
Conversionof 0 9.4 13 487 774
cellulose
8 706 782 307 820
Lewulinicacid O 43 63 14 124 128 103
selectivity
4 02 03 0 94 108 191
8 02 0 0 88 92 237
5-HMF 0 08 14 97 27 428 264
selectivity
4 69 21 33 81 209 218
8 39 48 159 22 179 o
Furfural 0 7137 53 29 96 58
selectivity
4 28 32 6.1 62 76 5.1

8 27 113 143 59 6.3 37
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No. Catalyst
1 AuC

2 AUTO

3 Au-Pd/CNT
4 AWCeO,

5 AuCUTO,
6 Aug-Pd/C

7 PVC

8  PUC-EDA4.1
9 PLPC

10 PYRGO

1 Pd/C

12 PO,

13 Pd/HT

Catalyst ratio®

150
150
150
100
400
100
200

100
100
100
39
150
100
212

Oxidant

69 bar O,
20 bar O,
20 bar Air
5bar O,

50 bar A
10 bar Oz
10 bar Oz

69 bar O,
10 bar O,
10 bar Oy
10 bar Op
69 bar O,
1 bar Oz, 35 mL min~"'
1 bar Oz, 35 mL min~!

NaOH dosage®"

2 equiv.
20 equiv.
20 equiv.
No

4 equiv.
4 equiv.
2 equiv.

2 equiv.
1.25M
125M

5 eqiv.

2 equiv.
1.25 equiv.
1.25 equiv.

TK)

296
296
296
373
443
368
333

296
373
298
298
296
363
373

Time (h)

6
22
22
12

12

24

Con. (%)

100
100
100
100
100
100
>99

100
100
100
100
100
>99
>99

Yield (%)

7
72

8883

References

Davis et al., 2011
Davis et al., 2011
Caietal., 2013
Davis et al., 2012
LiQ.Q.etal, 2019
Wan etal., 2014

Villa et al., 2013;
Wan et al., 2014

Davis et al., 2011
Han X. W. et al., 2016
Davis et al., 2012
Negoi et al., 2014
Davis et al., 2011
Davis et al., 2011

Davis et al., 2011;
Niu et al., 2014

' The catelyst ratio was defined s the molar ratio of HMF to the metals.
b Equivalent calculated based on the molar ratio of NaOH to HMF.
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Entry  Substrate  Catalyst Temperature (*C)  Time  Yield (%)  Conversion (%)  Selectivity (%)  References

1 Fructose HCl 90 7h 43 72 60 Kreissl et al., 2017

2 Fructose Formic acid 175 45min 56 56 100 LiX etal, 2017

3 Fructose y-Tip 100 2h 39 57 69 Benvenuti et al., 2000

4 Fructose FevOP 80 1h 60 7 84 Carlini et al., 2004

5 Glucose DyCls 140 2h 12 30 40 Serietal., 2001

6 Glucose TiOp-210z 250 Smin 29 44 67 Chareonlimkun et al., 2010
7 Glucose MnPO4 160 90min 18 72 25 Xuetal, 2018

8 Glucose NbPO; 140 60min 336 8.1 493 Zhang et al., 2015b

9 Cellulose ZnClp+HCI 120 - 30.4 - - Deng et al., 2012

10 Cellulose Bimodal-HZ-5 190 4h 46 67 69 Liand Yu, 2014
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Song et al., 2019
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Substrate

Cellulose
Cellulose
Cellulose
Cellulose

Cellulose
Cellulose

Cellulose

Glucose
Glucose
Glucose
Glucose

Solvent

H0
H0
H0
H0

H0
H0

H,0

H0
H,0
H0
H0

Catalyst

AC-Air
AC-SO3H
Amberlyst-15
Pt/y-AlO3

SiOz-SOsH
Ru/Si02+8i02-80sH

RU/SI0,+SO3H

RUSIO,+805H
RuN/MCM-48
MgO/NbP-500

MgO/ AlyOs

Temperature (°C)

180
150
150
190

150
150

150

150
120
120
120

Time

20min
24h
24h
24h

10h
10h

10h

30min
90min
30min
30min

Yield (%)

Cello-oligosaccharides:54
Glucose:40.5
Glucose:26.7

Sorbitol:25
Mannitol:6

Glucose:56.6

Sorbitol:43.3
Mannitol:14.7

Sorbitol:61.2
Mannitol:6.9
Sorbitol:97.5
Sorbitol:31
Fructose:24.6
Fructose:27.1
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Sample Surface area (m2 g~")  Pore volume (cm® g~*)
7-point BET NLDFT

Fresh Spent Fresh Spent Fresh Spent

Rh/ZrO, 250-420pm 37.0 425 366 424 0.100 0.121
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Sample Time on Rh loading (wt.%)

stream (min)

Target Fresh Spent Rhloss (%)
RW/Z1O; 40-60m 150 05 043 043 09
Rh/ZrO, 60-100wm 150 05 042 040 54

Rh/ZrO, 250-420 pm 210 05 050 036 27.7
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Sample

RW/ZrOz 40-60pm
RN/ZrOz 60-100m
Rh/ZrO;, 250-420 pm

Rh dispersion

H, chemisorption (%)

Fresh Spent
78 34
110 70
64 47

Rh surface area

H; chemisorption (m? gzl

Fresh Spent
15 06
21 12
1.4 075

Average Rh particle size (nm)

H_ chemisorption STEM
Fresh Spent Spent
14 33 27
10 16 NA

18 24 26
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Catalysts

0.5% Ru/A05
0.5% Ru/SI0z
0.5% Ru/ZiO,
0.5% Ru/TiO,
1% RW/TIO,

1% RW/TIO,

1% RWTIO,

1% RW/TIO,

1% Ru/OMS
RuCly-8H;O/TiO,
RUNO(NO3)/TiO;
5% RW/Zi0;

2% RUFLG

5% RW/C

0.64% RU/TO,
5% RWTIO,

0.83% Ru/TiO;
ultrathin

Ru/NCS
Ru/CS
Ru/TiOz

RuCl3-3H,0/PEG400

Rus(CO)12

RuNHC
RuNHC
Ru@PEG-CD
Ru@PVP

#Defined as mole of hydrogenated LA per mole of rutherium per hour.
bDefined as mole of hydrogenated LA per number of surface ruthenium atoms per hour.
¢ Selectivity toward 2-MTHF: 5.2 mol%.

Molar
ratio

8,707
8,707
8,707
8,707
4,353
4,353
4,353
4,353
3,831
4,350
4,350
2,100
1,460
359

247
106
4,878

10,000
10,000
505

4
1,720
1,000
1,000

1,300
1,300

Q)

130
130
130
130
70

130
130
130
100
90

170
20
130

150
150
100

70
70
150

130

130

130
130
80
80

(bar)

40
40
40
40
40
40
40
40
30
45
45
27
40
12

35
3
40

40
40
20

20

5

12
12
40
40

(h)

® ©

0.25
05

© ~ B8 oo oo

©
b

27
27

Solvent

Water
Water
Water
Water
Water
Water
Ethanol
1,4-Dioxane
Water
Water
Water
Water
Water
Water

Water
Water
Water

Water
Water
Water

PEG/Water

Water

Water
THF
Water
Water

Conversion
LA
(mol%)

13.8
80.1
803
95.4
44
100
749
307
999
86
v
99.0
993
995

100
100
100

51
32
100

99

100

99

97
93

Selectivity
avL
(mol%)

99.9
99.8
99.9
99.9
99.9
99.9
477
99.9
99.8
92
94
99.9
7.7
86.6

93
90
99.1

100
100
94.8°

99

100

96

99
99

ToF®
h")

401
2,325
2,331
2,769
7,662
8,707
3,261
1,337
3,420
1,152

824

297

184

133

49
21
19,045

9858
6,985
101
Y
143

361

3156
302
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Information substantiated by
experiments

Partition of specific enzymatic classes
after ultrafitration (retentate and
permeate)

Enzymatic activity in the ultrafiltration
unit (feed and retentate). Model:
potassium citrate-based ATPS

PEG concentration in the ultrafitration
unit (feed and retentate). Model:
potassium citrate-based ATPS

Partition of glucose in ATPS (top and
bottom) after ultraftration, in which
retentate composes the next top
phase for the repartition of glucose in
ATPS

Thermodynamic model to predict
phase separation and partition of
solutes in ATPS

Type of parameters to be defined
in the process design

Feasibilty to recycle enzymes in
terms of enrichment of one specific
enzymatic class in continuous
operation

Feasibility to recycle enzymes in
terms of recovery efficiency (retention
coefiicient for the process design)
Feasibiity to recycle PEG
(concentration factor for the process
design)

Number of ATPS cycles to repartition
glucose and achieve the desired
sugar recovery

Contribution to a reliable calculation
of phase composition and partition
coefficient of solutes at different TLL.
(after recycle of PFCs)
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Experiment

Salt type and polymer molecular
weight influence on bagasse
partition

Density of PFG before and after
their adsorption to bagasse
Enzymatic load influence on the
concentration of free enzymes
(not adsorbed) on conventional
hydrolysis (kinetics) and specific
enzymatic activities in the
supematant

TLL (tie line length), salt type and
polymer molecular weight
influence on the partitioning of
proteins and sugars (Ks/Ko)

TLL and time of ATPS hycirolysis
(kinetics) influence on sugar
release

Rate of enzymatic hydrolysis
(conventional and ATPS)

Binodal curves and tie lines data

Partitioning of specific enzymatic
classes in ATPS (top and bottom)

Type of parameter to be defined and
the respective unit operation in the
process design

ATPS reactor: reaction phase (top o
bottom)

ATPS reactor: addition mode of PFC to
the bagasse

Uttrafitration: feasibilty to recycle enzymes
in terms of available amount of free
proteins

ATPS reactor: concentration of PFC in
reaction

ATPS reactor: concentration of PFC and
residence time of reaction

ATPS reactor: feed (flow) rate of substrate
in order to maintain constant
water-insoluble substrate (WIS) in a
continuous operation mode and to
achieve the desired yield

ATPS reactor: estimation of outlet
concentrations of top and bottom phases.
given an inlet composition of ATPS
Ultrafiltration: feasibility to recycle enzymes
in terms of enrichment of one specific
enzymatic class in continuous operation
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Entry Catalysts Solvent Carbon balance (%) Yield (%) References

Hexane Pentane Others
12 RwC H0 95.4 19 1.1 R4 LiuS. etal, 2014
22 RW/C HsPO4 93.6 23.3 12.4 57.9 Liu'S. etal., 2014
3 RWC+MCM-41 H3PO, 93.9 48.6 9.6 36.7 LiuS. etal., 2014
4 RWC+HZSM-5 HgPO4 9.4 36.6 16.4 40.4 LiuS. etal, 2014
5 RWC+y-AlOg HsPO, 945 35.3 14.4 44.8 LiuS. etal,, 2014
6% RW/C+SBA-15 HgPO4 95 297 138 515 Liu'S. etal., 2014
s Rw/C+HNbMoOg: HsPO4 884 5.9 6.9 15.6 LiuS. etal., 2014
8 Ru/C-+LiNbMoOg HgPO4 886 72 59 107 Liu'S. etal., 2014
9 Ruw/C+LINbWOg H3POs 845 417 55 313 LiuS. etal,, 2014
10° PYNbOPO4 H0 >66 55.9 4.8 >63 Xietal., 2016
11 Pd/NbOPO4 H20 >37.7 235 5.1 >9.1 Xietal., 2016
120 RWNbOPO4 H0 >563.4 89 78 >36.7 Xietal., 2016
13° I/NoOPO4 H,O >68.1 6.1 341 >48.9 Xietal., 2016
140 Rh/NbOPO; HO >485 10.2 15.2 >23.1 Xietal.,, 2016
16°¢ NIHZSM-6 H,O 3563 183 47 12.3 Zhang etal., 2012
169 NV/HZSM-5 HO 476 30 6.4 112 Zhang et al.,, 2012
16° NIHZSM-6 H0 45 237 80 133 Zhang et al., 2012

*Reaction conditions: 0.8 microcrystalline cellulose, 0.2g Ru/C, 230°C, 40ml solvent, 6 MPa Hy, 24, others = C1-C4 alkanes, glucose, cellobiose, sorbitol, sorbitans, isosorbide,
1-hexanol, 1-pentanol, 1,6-hexanediol, ethylene glycol, and propylene giycol.

bReaction conditions: 1g sorbitol, 0.3g catelysts, 250°C, 20g Hz0, 4 MPa Ha, 12h, others = isosorbide (mainl), sorbiten, 2-(tetrahycirofuran-2-ylethan-1-ol, and hexanol.
Reaction condtions: 0.05mol sorbitol, 3.0g catalyst, 240°C, 150 ml deionized water, 3 MPa Hy, others = C1-C4 alkanes.

9Reaction conditions: 0.05 mol sorbitol, 3.0g catalyst, 240°C, 150m deionized water, 4 MPa Ha, others = C1-C4 alkanes.

®Reaction conditions: 0.05mol sorbitol, 3.0g catalyst, 240°C, 150 ml deionized water, 5 MPa Ha, other
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System

ATPS 1

ATPS 2

ATPS 3
ATPS 4

ATPS 5

ATPS 6

Phase forming components

Potassium citrate and PEG 2000

Potassium citrate and PEG 6000

Potassium citrate and PEG 6000
Magnesium sulfate and PEG 2000

Magnesium sulfate and PEG 6000

Potassium citrate and PEG 6000

TLL (%)

12.8

15.3

237
205

305

342

Experiment

Glucose and protein partition

Glucose and protein partition;
Hydrolysis kinetics

Glucose and protein partition
Glucose and protein partition

Glucose and protein partition;
Hydrolysis kinetics
Liquefaction following
hydrolysis

Motivation

Low TLL, less inhibition of enzymes by PFC. Less viscous system
compared to PEG 6000.

Lowest TLL reported by Bussamra et al. (2019) for this system
composition. Enzymes could be more active compared to ATPS 3.

High precipitation of proteins.
High Ksugar. Enzymes could be more active compared to ATPS 5
(ATPS 4 is less concentrated and less viscous).

High sugar selectivity (Keugar /Korcten)-

Lowest TLL to provide high Koroten (Bussamra et al,, 2019).
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Reactor Catalyst

Batchreactor  0.2MHCI
Batch reactor 1 wt% Sn- zeolite/HCI
Batchreactor 4 W% SnO,-AlOs

Micro reactor®  0.4M phosphoric acid

Micro reactor®  AICI3/HCI
Micro reactor®  0.15M HCI

“Synthesized over slug-flow regime.
bSynthesized over dispersed-fiow regime.
“Organic-to-aqueous volumetric ratio.
9Reaction temperature.

eResidence time.

Organic solvent

y-valerolactone
THE
DMSO

2-sec-butyl phenol

MIBK
MIBK

Promoter

NaCl
NaCl

Sodium phosphate dihydrate

NaCl

Ratio®
4:1
3:1
4:1
31

41
0.5:1

T (°C)

140
190
150

180

160
180

RT® (min)

60
70
60

47

Yield (%)

62.4
53.0
275

7.7

66.2
81.7
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