Chapter-1
Introduction
1.1 Need for renewable resources
In the 21st century, the increasing demand of chemicals and fuels supplies from non-renewable fossil resources, has raised questions about stability and sustainability of carbon feedstock.Although they are obtained from biomass by transformations into oil, coal and gas over periods of millions of years, their high dependence for day-to-day human activities has lead to rapid depletion. In addition,most of the world oil reserves and output are concentrated in few countries.It also has adverse effects on climatic conditions in the form of global warming and ecological imbalance.[1,2] Therefore, the need for alternative renewable resources has become crucial for long-term economic and environmental security. 
1.2 Renewable resources
From fuelling motorbike to making roof top, we need enough resources to meet our day to day needs in the long term. However, there are some resources that will never get exhausted. These are known as renewable resources. As per United Nation glossary, “they are natural resources that, after exploitation, can return to their previous stock levels by natural processes of growth or replenishment”.[3]It includes solar, wind, hydro and geothermal. They can be grown, harvested and used again and again.As a result,
· They are sustainable in nature: Balanced demand and supply
· Lowor nogreenhouse gas emissions and particulates: Reduce carbon footprint
· Diversified resourcesthat reduce dependencyon limited fossil reservoirs: Socio-economic stability
· High versatility, flexibility and abundance availability
Theyare considered as a most attractive options to reduce reliance on foreign petroleum imports for many countries to provide energy security. These features can help us to achieve United Nation’s sustainable goals.[4]
Among various renewable resources, solar energy has the potential to fulfil the demands for both energy and chemicals. The surface of the earth receives solar energy in abundance. However, only a small part of it can be used with present technologies such as photovoltaic solar cells, which converts solar energy directly into electricity.[5] On the other hand, plants can use maximum amount of solar energy and convert it into chemicals through photosynthesis.[6]Photosynthesis is the largest natural process that has been used by plants for carbon fixing in the form of organic matter such as sugar and aromatic polymers, referred as biomass.
1.3 Biorefinery: A brief description 
Biorefinery can be a process, a plant, a facility or an assembly of facilities to carry out sustainable processing of biomass into a spectrum of marketable products.[7] It integrates and optimizes conversion processes and technologies to increase production levels and minimizing wastage. It can use biomass from different sources such as forestry crops, agriculture crops and residues, industrial residues, aquaculture,municipal solid waste etc.,which are used in the production of intermediates and final products for making food, feed, chemicals, fuels, and to generate power and/or heat.In petroleum refineries, the reactions such as selectively to alkene over alkanes during partial hydrogenation of alkynes, isomerisation of alkanes to branched molecule to increase octane number, cracking of higher alkanes to lower alkanes, etc., are important in adding value to the end products. The processes developed for such reactions are optimized for vapour phase reactions and for compounds with lower oxygen content. On other hand, the biorefinery feedstocks are relatively more heterogeneous with compounds such as carbohydrates, lignin, proteins, oils, extractives, ash, etc., which contain high oxygen content and compounds with both low and high vapour pressure. Most of them form three dimensional complex polymeric structures that require different processing techniques. These challenges in existing refineries also emphasise the need for developing new catalytic systems. Therefore, biorefinery processing of biomass can be classified into different categories based on:
· Conversion process utilized: physical biorefinery (pulverization, drying, pelletization, briquetting), thermochemical biorefinery (pyrolysis, hydrothermal liquefaction, torrefaction, combustion, gasification), biochemical biorefinery (digestion, hydrolysis)
· Feedstock materials utilized: lignocellulosic feedstockbiorefinery (agriculture residues, urban wood waste, industrial organic waste), whole cropbiorefinery (grains like wheat, rye, maize), marine biorefinery (algae, seaweeds), oleochemicals biorefinery  (oilseed crops), green biorefinery (grasses, green plants)
· Resulting products: syngas platform biorefinery (for Fischer–Tropsch diesel and phenols), sugar platform biorefinery (for bio-ethanol, electricity and heat)
· Technologies utilized: first generation biorefinery (fermentation of sugars from food and fodder crops, transesterification of vegetable oils), second generation biorefinery (pretreatments of lignocellulose using steam, enzymes, acid, bases, etc., for separation of sugars and lignin) and third generation biorefinery (utilization of microalgae and macroalgae), conventional biorefinery (no new activity) and advanced biorefineries (introducing new concepts for upgradation and extension)
In many parts of the world, biorefineries still face various operational challenges due to poor resource management (land, energy and water), lack of government policies, regional and seasonal availability of biomass, diversity in feedstock, competing market (with traditional petroleum), storage issues, transportation costs, in efficient facilities and technologies, immature industry chain, limited investment, etc.,[8] Therefore, collective measures are necessary both at investment and political level for maximum utilization of biomass.  Similar to petroleum refinery, biorefinery involves processes such as separation and various catalytic transformations for production of fuel and chemicals. Therefore, one possible step can be integration of biomass feedstock with currently available production facilities. The growth and development of biorefineries can remove most of the disparities that exists between rural and urban areas, which provides circular economy that aims to optimize resource utilization by minimizing waste and reduce environmental impact.
1.4 Biomass: Edible & Non edible, Sources and Availability
As per human needs, biomass is divided into two categories- edible and non-edible. Edible biomasses such as grains, cereals, fruits, vegetables, peanut oil, sunflower oil, etc., are used as source of food and non-edible biomasses such as rice husk, wheat straw, corn cobs, algae, forestry waste, etc., are considered as waste. In most parts of the world, lignocellulose biomass such as agricultural waste and other non-edible biomass are available in huge quantity, which can serve as sustainable renewable resource. Not only renewability, but also better geographical distribution and easy access are additional benefits, which can stabilize the raw materials costs globally. This will also create positive impact on  creation of jobs and stimulate rural economy.[9]
Lignocellulose is a suitable and abundantly available non-edible biomass to serve as a renewable feedstock for the production of high value-added chemicals and fuels.[10]   It is considered as a carbon-neutral renewable resource which can control CO2 emissions in the atmosphere.[11] Global production of lignocellulosic biomass is around 10 to 50 billion tonnes per year.[12]   In India alone, 750 million metric tonnes of biomass residue is produced 
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Figure 1. Biomass Valorisation
every year from the crops such as straw and husk from rice, straw from wheat tops, bagasse and stover from sugarcane, cob and husk from maize, etc.,[13]. The three major components of lignocellulosic biomass are cellulose, hemicellulose, and lignin. It also contains very small amount of proteins, oils and ash. They are present in the cell walls of plants. Cellulose is a crystalline homopolymer of C6 sugar units (D-glucose) with β-1,4 glycoside linkages. Small amount of amorphous part is also present in cellulose. Whereas hemicellulose is an amorphous branched heteropolymer of C5 and C6 sugar units (D-D-xylose, L-arabinose, D-mannose, D-D-glucose, D-galactose and D-glucuronic acid) linked through 1,3, 1,6 and 1,4 glycosidic bonds which are often acetylated. It also consists of small amounts of uronic acids. Lignin is a hydrophobic cross-linked polymer consisting of three major phenolic components, namely p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol.[14] Their composition varies in different sources. For example, hardwood stems consist of 40-55 % of cellulose, 24-40 % of hemicellulose and 18-25 % of lignin and softwood stems consist of 45-50 % of cellulose, 25-35 % of hemicellulose and 25-35 % of lignin. The composition of sugarcane bagasse is 32-44 % of cellulose, 27-32 % of hemicellulose, 19-24 % of lignin and 4-9 % of ash.[15] Therefore sugars are major constituents of lignocellulose biomass.
1.5 Platform chemicals
Before petroleum based economy, the biomass was the major source for raw materials. To meet the demands for today’s industrialization and to fill the gaps of fossil resources, the biomass once again has gained importance as alternate resource for the sustainable development of chemical processes, which can make them eco-friendly and reduce their contribution to pollution, thereby improving human development index.
Biomass derived compounds can be used in production of wide range of industrially relevant materials such asfine chemicals,polymers, solvents, resins, fuels, etc., They can be labelled as “platform” molecules because they serve as a starting point for biomass feedstock for the production of value-added products. In broad sense, their selection is usually based on their feedstock quantity, sustainability, versatility and economic viability. In 2002, US Department of Energy Office of Energy Efficiency and Renewable Energy started screening nearly 300 possible building block chemicals derived from biomass. This screening was based on the cost, availability, relevance to current and future market, multiple functionalities, direct replacement, etc., In 2004 they shortlisted twelve potential building block chemicals derived from C5 and C6 sugars.[6] This top selection list consist ofsuccinic acid, fumaric acid, malic acid, 2,5-furan dicarboxylic acid, 3-hydroxypropionic acid, aspartic acid, glucaric acid, glutamic acid, itaconic acid, levulinic acid, 3-hydroxybutyrolactone, glycerol, D-sorbitol and xylitol/arabinitol.Bozell and Petersen later in 2009 reported an  updated list of platform chemicals from carbohydrates.[16] Their evaluation criteria is based on aspects such as significance in literature, multiple product formation, direct substitutes, production quantity, platform potential, industrial scaleup, existing commercial product, primary building block and commercial biobased product. The potential candidates identified for their use in sustainable chemistry includes D-sorbitol, xylitol, levulinic acid, succinic acid, furans, lactic acid, ethanol, hydroxypropionic acid/aldehyde, bio-hydrocarbons, glycerol and its derivatives. These molecules can be directly used for industrial applications or can undergo further chemical transformations. For example, glycerol on hydrogenolysis produces propylene glycol that is used in making polymers.[17].  It can also be transformed into epichlorohydrin, a raw material used for synthesizing epoxy resins. 2,5-furan dicarboxylic acid is identified as alternative to terephthalic acid for production of plastics.[18]
1.6 D-Glucose and Furfural: Sources and Applications
Sugars obtained directly from the hydrolysis of biomass feedstocks such as starch, cellulose and hemicelluloses, and their further dehydrated products, such as,furans can be considered as initial stage building block materials.Unlike furans, the sugars were not listed in top bio-chemical list, but were used as intermediate platform molecules to directly synthesize some of the listed chemicals. Hence, they can be labelled as “Initial Platform” chemicals. 
Sugars are polyhydroxy aldehydes or ketones with the general formula Cn(H2O)n. In general, sugars extracted from sugarcane syrup and date palm are used as sweeteners in food industry. Sugar tastes sweet as they interact at various binding sites with sweet taste heterodimer receptors namely, Type 1 R2 and Type 1 R3 cells of G protein-coupled receptors family, present as clusters in taste buds on the tongue. This chemical interaction stimulates release of neurotransmitter onto sensory cranial nerve fibers to transfer taste information to the brain centers, where it is processed to interpret the flavour perception.[19] So, based on structure and functionalities, the intensity and taste of sugars will vary.
For lignocelluloses feedstock, the breaking of complex polymeric network of biomass is necessary to increase the yield of monomeric units of sugars.   Cellulose and hemicellulose represent nearly two third composition of lignocellulose.  Hemicellulose can readily hydrolyze due to its amorphous nature and low degree of polymerization. Whereas cellulose due to its high crystallinity and higher degree of polymerization has less accessible surface area due to sheathing by hemicellulose and lignin that resist hydrolysis. The complex bound structure of cellulose, hemicellulose and lignin with both covalent and non-covalent interaction imparts strength to cell walls of plants and also provides resistance to hydrolysis.[20] Therefore lignocellulose pre-treatment methods like physical, chemical, physio-chemical, biological, etc., are carried out before hydrolysis or in combined way to reduce binding forces between cellulose, hemicellulose and lignin. An effective pre-treatment should be cost effective, require low energy input, reusability of catalysts, decrease crystallinity of cellulose, depolymerize hemicellulose, recover value added products such as lignin and resist degradation of simple sugars, etc.[21]  Mais et al. reported that the simultaneous milling and enzyme hydrolysis had improved overall hydrolysis of α-cellulose.[22]   Cara et al. carried out pretreatment on thin branches and leaves of olive tree using 0.2 to 1.4 % w/w sulphuric acid at 70 to 210 °C temperatures range. They found that the sugar yield was higher at 180 °C and 1 % w/w acid concentration i.e., 75% of all sugars available in the raw material was hydrolyzed.[23] The solubility of carbohydrates reached closer to 100% for sugarcane and beechwood on combining milling and H2SO4 hydrolysis.[24] Though mineral acids provide better pre-treatment option, but suffers from poor products separation, degradation of formed products and neutralization of waste acids. These issues are overcome by using solid acid catalysts which have Brønsted and/or Lewis acid sites. Their acid strength can be tuned as per requirement. They can be separated from reaction mixture by simple filtration without corroding reactors. The carboxylic acid group functionalized amorphous carbon mixed with Eucalyptus and milled to increase the exposure surface of cellulose and hemicellulose for hydrolysis by reducing encapsulation of lignin fraction. This pre-treated sample in 0.13 mmol aqueous HCl solution yield 78 % D-glucose and 94 % D-xylose. In absence of carbon catalyst, it yields 32 % D-glucose and 26 % D-xylose.[25].  Xu et al., used carbon functionalized with both carboxylic acid and sulphonic acid groups to hydrolyse corncob and compared with other solid catalysts like Amberlyst-15, HZSM-5, SBA-15 and Al2O3 under identical reaction conditions. They found that the carbon catalyst exhibited highest activity with 6.1 % D-glucose and 78.4% D-xylose yield.[26] In case of zeolite, the catalytic activity is tuned by varying Si/Al ratio. For example, on increasing Si/Al ratio from 12.5 to 50 of Hβ zeolite, the yield of D-glucose increases from 43.2 % to 79.9 %.[27]
In most of the hydrolysate obtained on catalytic hydrolysis of lignocellulose contain maximum proportion of either D-glucose or D-xylose. These lignocelluloses derived sugars are used for the production of various valuable chemicals. One such important transformation is hydrogenation to sugar alcohols. Sugar alcohols can also be used as sweeteners, but their sweetness is lower than sugars. Absence of carbonyl group makes them less reactive in human oral cavity. This reduces the growth of dental plaque and becomes a suitable candidate for ice-cream and candy products. Due to incomplete and slower absorption in intestine, they have low nutritional value and very less effect on blood D-glucose level. This makes themsuitable as substitute for sugar for people with diabetes.[28]
Among sugars, D-Glucose (C6H12O6) is an abundant monosaccharide form of carbon in plants. It can be catalytically hydrogenated to D-D-sorbitol. Naturally it is found in mountain ash berries, apples, apricots, plums, nectarines, pears, etc.,It was first isolated by French chemist Joseph Boussingault in 1872 from berries (Sorbus aucuparia).  It is used as a sweetener, humectant, and texturizer. It is also used as an intermediate in the biorefinery for the production of a variety of chemicals, such as ascorbic acid, isosorbide, sorbitan, fatty acid esters, polysorbates, hexatriene, alkanes, etc. Most of it is consumed in synthesizing vitamin C and syrups [8,28-34].
Increasing carbon/oxygen ratio of a lignocellulose derived chemicals is an important step in biorefinery. One such process is dehydration of sugars to furans derivatives. Campbell et al., reported that the dilute acid pre-treatment of cellulose and hemicelluloses components for longer time dehydrates the simple sugars into furfural (FAL) and 5-hydroxymethyl furfural (HMF) in the hydrolysate [35]. Their formation were also observed when corn straw and rice straw are treated with sulphuric acid for longertime.[36]In general, furfural (C5H4O2) is derived from pentosan rich agriculture residues like oats hull, corncobs, bagasse, rice husk, cotton husk, etc.,via hydrolysis ofhemicellulose fragmentto xylose, followed by dehydration process.[37] Xylose over Amberlyst-70 in methyl formate achieved 70% yield for FAL at 150oC.[38] Mohamed et al. reported 37% FAL yield on directly treating oil palm frond under subcritical ethanol conditions (230oC).[39] Upare et al., selectively obtained FAL with 86% yield from xylan over sulfonated graphene oxide in aqueous medium.[40]
FAL is mentioned in top biochemical lists as stable intermediates for potential transformations and a natural precursor for furan based chemicals and solvents. It can be hydrogenated into wide range of chemicals such as, furfuryl alcohol, tetrahydrofurfuryl alcohol, 2-methylfuran, cyclopentanone, cyclopentanol, pentanediols, etc., throughhydrogenation, hydrodeoxygenation, hydrolysis, and rearrangement reactions.Furfuryl alcohol (FOL), due to its versatile applications, accounts for most of the revenue derived from furfural.[41] FOL is used for production of resins to bind foundry sand, laminating
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Scheme 1. Catalytic hydrogenation of (a) D-glucose and (b) Furfural in aqueous medium. [FAL=furfural; FOL= furfuryl alcohol; CPO= cyclopentanone; THFOL=tetrahydrofurfuryl alcohol; CPOL= cyclopentanol]
fibreglass reinforced equipment, corrosion resistance mortar, adhesive-hypergolic propellant, chemical intermediate for ranitidine, etc., [42-46] Complete hydrogenation of furfural produces water miscible tetrahydrofurfuryl alcohol (THFOL). It is considered as a green solvent for use in inkjet inks, diluent for epoxy resins, paint stripper, flux remover and intermediate for polymers. Cyclopentanone (CPO) and cyclopentanol (CPOL) are the rearrangement and deep hydrogenation products of furfuryl alcohol, used in the production of fragrances, flavouring agents, aviation fuels, polymer intermediates, drugs, agrochemicals, etc., [47-54]
1.7 Catalytic Hydrogenation of D-glucose
D-glucose is a simple C6 sugar,butdue to multiple functional groups,it have tendencytoundergo various side reactions such as isomerization, dehydration, oxidation, cleavages, retro-aldol condensation, etc.,[30,32,35,55-57].   Recently, catalytic hydrogenation of D-glucose has gained significant attention due to wide range of applications of its sugar alcohols such as D-sorbitol in pharmaceuticals, polymer, cosmetic and food industries.8In general, D-glucose hydrogenation is carried out in aqueous medium due to their very low vapor pressure. Biomass itself consists of large proportion of water. In addition, most of pre-treatments and hydrolysis processesof cellulose to sugars takes place in aqueous medium.Therefore water remained a solvent of choice for making hydrogenation process green and cost effective.
The D-sorbitol can be synthesized from D-glucose by using microorganismsas biocatalysts. Tani et al. reported Candida boidinii yeast that uses methanol to reduce D-glucose.[58]A gram negative bacterium, Zymomonas mobilis, was also found active in converting mixture of D-glucose and fructose to D-sorbitol, where D-glucose is consumed to form gluconic acid and fructose was converted into D-sorbitol. The separate isomerisation of D-glucose to fructose may increase the cost of the process.[59]. Certain other engineered bacteria were also found active in converting D-glucose to D-sorbitol.[60] Hefti et al., developed an electrochemical reduction method by using amalgamated Pb and a graphite anode dipped in a aqueous solution of D-glucose and sodium sulphite that working at a current of 4-5 V and 50 Am-2 current density. The oxidation of sulphite at anode to sulphate prevents oxidation of D-glucose, which increasedD-sorbitol yield to 95 %.[61]. Li et al., used divided filter press cell containing Pb sheet cathode and dimensionally stable anode separated by cation exchange diaphragm, where anolyte consist of aqueous D-glucose and NaBr solution, and catholyte contain aqueous solution of D-glucose, NaOH and Na2SO4. The gluconic acid formed in anolyte and D-sorbitol in catholyte with their yield around 80 % at 4 V current and 500 Am-2 current density.[62] Above methods either produces side products in significant quantity or consume more time. Therefore at industrial scale, D-sorbitol was synthesized by catalytic hydrogenation of D-glucose, wherehydrogenation process involves reaction between unsaturated carbonyl groupwith hydrogen atoms. Both homogeneous and heterogeneous catalytic systems have been developed to achieve higher activity and selectivity towards desired product[63-66]. Though homogeneous catalysts react selectively with molecule having multiple functional groups, the recovery of catalysts is a major practical issue for production of value-added chemical like D-sorbitol. While, heterogeneous catalysts due to easy recovery by simple filtration techniques, regeneration, recyclability, usability in different media, etc., reduces operational cost of catalytic system and therefore preferred for industrial use.
Metals can have completely filled d-electron shells, partially filled or no d-electrons. Among them, the Pt group metals have partially d-electrons and are active for catalytic applications due to their thermochemical ease of reducing to metallic state than other transition metals. For catalytic hydrogenation, the activation of hydrogen on Pt group metals takes place readily.Various metal catalysts based on Pt, Pd, Ru, Ir and Rh have been studied for D-sorbitol production.[67-69]. Zhang et al., reported supported Ru, Ni, Pd catalysts in which Ru catalyst showed highest D-glucose conversion and D-sorbitol yield. Compare to carbon support, the higher activity on MCM-41 is due to the stabilization of nanoparticlesin pores.[70] Similar catalytic stability was observed when Ru was loaded on ZSM-5 and HY zeolite [71,72].   Mishra et al. found that with respect to Ru directly loaded over TiO2, the NiO modified TiO2 support has prevented isomerisation and increased selectivity for D-sorbitol.  Further, increase in Ru content does not changed selectivity, but have increased D-glucose conversion.[73]
Nickel based catalysts are widely used in large scale due to its high hydrogenation activity and low cost. Raney Ni, an industrial catalyst has increasedthe reaction rates on using promoters like Fe, Cr, Mn and Sn. These promoters act as Lewis adsorption sites for polarizing carbonyl group favouring hydrogenation.[74]. Singh et al.. using mesoporous Ni/NiO catalyst was able to achieve 95 % D-glucose conversion and 89 % D-sorbitol selectivity.[75].   Geyer et al. stabilized Ni nanoparticles over different oxide supports. Though all supports (SiO2, ZrO2, TiO2, mixed oxides) achieved D-sorbitol yield above 90%, the highest activity was found on TiO2 support.[76]. Zhang et al., found that in Cu/Ni/Al hydrotalcite, the Cu and Ni metallic component increases with reduction temperature from 350 to 600oC, which lead to increase in conversion and selectivity from 60 to 73 and 78 to 93, respectively. They also investigated influence of reaction environment on D-glucose product distribution. In acidic media, D-glucose dehydrates to HMF and levulinic acid and in alkaline condition, the D-glucose undergo isomerisation to fructose forming mannitol as hydrogenated product and hydrogenolysis to lower alcohol such as glycol and propanediol.[77]. Similar observation were made for Pt catalyst supported on Al2O3 and hydrotalcite support, where presence of hydrotalcite as support or a physical mixture with Pt/Al2O3 increases bothfurfural conversion and D-sorbitol yield with additional products fromisomerisation and other side reactions.[78].
Kusserow et al., reported that Ru catalysts over different supports such as Al2O3, TiO2, SiO2 and C were highly active and stable than Ni based catalysts.[79].  Romero et al., found that reaction rates of D-glucose obtained for NiRu bimetal catalyst increases with increase in Ru content.[80].  Recently MacManus et al. studied adsorption of D-glucose on Pd(111) and Pt(111) surface using High Resolution Electron Energy Loss spectroscopy and revealed that D-glucose undergoes ring opening at the surface.[81,82]. Later, Trinh also carried out Density functional theory calculations on both these surfaces to investigate hydrogenation pathways.[83] Thus it becomes crucial to understand the atomic level properties that effect adsorption and reaction at the surface. Therefore, in present work, we investigated the influence of electronic properties of metal and role of solvent on D-glucose hydrogenation that can paves way to improve and design an effective metal catalyst.
1.8 Catalytic Hydrogenation of Furfural
Platform chemicals such as furfural due to C=C and C=O unsaturated bonds,undergo multiple possible competitive reactions to form fine chemicals.  Similar to D-glucose, both biocatalytic and electrochemical routes are available for furfural hydrogenation [84-87]. However, at industrial scale, low- cost copper chromite (CuCr2O4·CuO) catalystis used for gas phase furfural hydrogenation.[88]. Though this catalyst was highly selective for FOL, it deactivates easily. Additionally, due to the rise in environmental concerns, the use of highly toxic chromium oxide needed to be limited. Therefore researchers were impelled to develop Cr free alternate catalytic systems.
The active sites of catalysts for the hydrogenation of furfural depend on the type of catalyst and the support material used.  The commonly used metals such as Pd,Pt, Ru, and Ni are found active for furfural hydrogenation.[89-92]. These metals can provide active sites for the adsorption and activation of furfural and hydrogen molecules. The metal sites can also control the selectivity towards furfuryl alcohol, methyl furan, furan, pentanediols, or tetrahydrofurfuryl alcohol. Meng et al. reported NiAl-layer double hydroxide precursors (LDH) with nitrates and carbonates as the interlayer anions, which on reduction undergo topological transformation to form supported nano-Ni catalysts on mixed metal oxides. The Ni catalyst obtained from nitrate based precursor formed low coordination Ni surfaces having abundant step sites thatactivated linear adsorption of carbonyl group to form FOL. Contrary, the decomposition of LDH with carbonate precursor lead to predominant terrace sites, which adsorbs both C=O and C=C bond to selectively produce THFO [93].  On Pd, the furfural adsorbed parallel to the surface, which leads to de-carbonylation to furan ingas phase due to the formation of acyl speciesat high temperatures.[91].  The furan formed on Pd/SiO2 further undergoes ring hydrogenation to form tetrahydrofuran. Similarly, the furfural on Ni/SiO2catalyst also undergo de-carbonylation to furan, but it further reacts with hydrogen to form ring open products such as butyraldehyde, butanol, butane, etc., This difference in product selectivity between Pd and Ni suggest that furan ring interacts strongly with Ni than Pds[94]..In addition to Pt group metals, the Cu catalysts were also found active for furfural hydrogenation, howeverit remains highly selective towards FOL. The DFT calculations have shownthat furfural adsorb on Cu surface through carbonyl in tilted fashion.[95]
Nitrogen doped porous carbon supported nickel catalyst achieved 96% furfural conversion in isopropanol at 200oC with FOL selectivity of 95%.[96].  Yu et al., observed in both temperature programmed desorption and infrared experiments that furfural on Ni(111) surface adsorbed through both furan ring and carbonyl group, whereas FeNi(111) system activates only carbonyl group, which leads to desorption of methylfuran product.[97]. Compared to the Cu metal, the stronger adsorption of carbonyl through oxygen atom on NiFe system leads to hydroxide-oxygenation [95,97]. Ganesh et al. found higheractivity and FOL selectivity on silica shell encapsulated Pt-Sn intermetallic nanoparticlesthan monometallic Pt catalyst.[89]. It was also seen in Ni-Sn catalysts, where FOL was the major product[90,98]. This suggest that the catalytic activity of furfural depends on optimum adsorption strength and the alloying of metals may lead to more possibility in finding optimum strength. Wu et al., found that Cu catalyst supported over MgAlO in ethanol when alloyed with Ni, shifted its selectivity from FOL to THFOL.[99] Huang et al. reported Pt-Cu nanoparticle with hollow core and porous shell that selectively activated carbonyl to form FOL in methanol solvent, whereas Pt-Cu catalyst without a hollow structure yield 2-furaldehyde dimethyl acetal.[100].
Generally, the support sites can provide active sites for the dispersion of the metal particles. Audemar et al.. found that Co nanoparticles stabilized on SBA-15 silica are confined within mesopores showed highly stability with 88% FOL yield.[101].  Mizugaki et al., observed that Pt supported on base support such as hydrotalcite in isopropanol solvent lead to ring opening reaction to form pentanediols [102].  Liu et al., found that most of furfural on Ir-ReOx/SiO2 catalyst lead to polymerization in aqueous medium. But when Ir-ReOx/SiO2 was physically mixed with Pd/SiO2 or loaded with Pd (Pd-Ir-ReOx/SiO2), it selectively formed pentanediols.[103] Seemala et al., observed that Ni-Cu alloy on TiO2 formed nanoparticles with Cu rich surface that has favoured decarboxylation to 2-methylfuran in 1,4-dioxane. In contrast, Pt-Cu on alumina remain alloyedwithout any segregation, which lead to both decarbonylation and ring hydrogenation products.[104]
In case of reducible oxides supports, the surface oxygen vacancies are found active in anchoring molecules.  Li et al. found that addition of ceria to amorphous Ni-B alloyenhanced furfural conversion with exclusive formation of FOL. The ceria in this catalyst exists as reduced Ce3+ species that anchor carbonyl through oxygen atom [105].   Xu et al., found that Ni loaded on TiO2-SiO2 composite comprises of amorphous TiOx that have strengthened interaction with furfural, which enhances tetrahydrofurfuryl alcohol production [106]. Baker et al., using sum frequency generation vibrational spectroscopy reported that the Pt catalyst with TiO2 support formed furfuryl-oxy intermediate at the surface oxygen vacant sites.This intermediate selectively further hydrogenate to FOL. Whereas on SiO2 support no such intermediate species were detected.[107].  Reyes et al. observed partially reduced titania species and lower acidity on Ir/TiO2 catalyst in ethanol favoured FOL over hemiacetal product.[108].  O’Driscoll et al. also found high quantities of 2-furaldehyde diethyl acetal and di-furfuryl ether during hydrogenation over Pt/SiO2 in ethanol. This side reaction can be avoided in toluene, where FOL formed selectively. In addition, the promoters such as Mn, Mo and Sn significantly enhanced furfural conversion.[109]. At low reaction temperature, Dohade et al., found that PtCo/C catalyst with hydrophobic carbon support favoured high furfural conversion and FOL selectivity in water than in alcohol or toluene solvents. The selectivity towards FOL remains unchanged upto 100oC.[110]. Therefore, solvent can effectsolubility of gases in reaction medium, intermolecular interactions, competitive adsorption, etc.,
Studies of Campisi et al, on hydrogenation of furfural over Pd/NiO and Pd/TiO2 catalyst showed that the product selectivity on Pd/NiO was directed by the dual site mechanism. The Pd/TiO2 hydrogenated only carbonyl group, but additional adsorption of furfural on NiO in Pd/NiO catalyst favoured both C=C and C=O bond hydrogenation to form THFOL.[111]. Similar selectivity was also observed over same supports when Ir metal was used.[112].  However in aqueous medium, Chen et al. observed synergy between Ni-NiO heterojunction in Ni-NiO/P25 catalyst that have enhanced furfural hydrogenation and lead to cyclopentanone formation .[113].  Hronec et al., first reported CPO transformation from furfural over different supported catalysts, where it was suggested that FOL formed at initial step of hydrogenation get further protonated in aqueous medium and undergo ring rearrangement to form CPO.[114] The Pt/TiO2 catalysts with rutile phase as support was less active than anatase phase, but remain more selective for ring rearrangement product.[115] The modification of alumina support of Ni catalysts by alkaline earth metals (Mg, Ca, Sr, Ba) attenuated acid sites at the surface, which changed the selectivity from ring rearrangement products to THFOL. The highest selectivity was obtained for Ba2+ modified catalyst.[116]. Similar observations were made for Ni-Co bimetallic catalysts, wherebimetal impregnated over titania using metal nitrate precursors showed high activity and selectivity for CPO and CPOL products. Whereas on neutralizing the nitrate with NaOH (pH=7) before impregnation changes the selectivity to THFOL[117]. Compared to Ni and Cu monometals stabilized over SBA-15, the alloy formation between them has increased CPO yield in aqueous medium.[118].
In spite of such extensive studies, catalytic hydrogenation of D-glucose and furfural on various types of supported metal catalysts continue to be active areas of research since they present tremendous opportunities to control the selectivity of products by varying the characteristics of the catalysts and reaction conditions that alter the surface reaction pathways. The choice of the catalytic pathway depends on the desired product and therefore, optimization of the process parameters can lead to high yields and efficient utilization of the starting material.
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Objectives & Scope of the Research Work
Examples described in Chapter 1 bring out the importance of several factors, like nature of metal and its dispersion, acidity of supports, metal support interaction, method of preparation and reaction media in controlling activity and selectivity of products. Even though there are several studies on hydrogenation of furfural on Ni based catalysts, the influence of these factors, especially on titania support, with varying phase compositions (anatase, rutile), on the electronic properties of Ni nanoparticles and activity and selectivity for ring hydrogenation/rearrangement/deep hydrogenation/ring opening products have not been covered in detail. Similarly, in case of D-glucose hydrogenation, the activity trends for nickel and ruthenium catalysts on various supports remain unchanged, with Ru displaying superior activity and a clear understanding of the factors responsible for difference in the reactivity of the metals is lacking. The examples from the literature necessitate a clear understanding of the underlaying chemical transformations at atomic scale through DFT calculations and systematic experimental study of activity-structure-properties correlations to design functional materials for economically viable biomass valorization processes.
Based on the brief overview on catalytic hydrogenation of furfural and D-glucose, the primary objective of present work is to:
· Experimentally investigate the effect of different supports, support phases and bimetallic Ni catalysts on both activity and product distribution of furfural. 
· Performing quantum chemical calculations to study the electronic structure of metals as a catalytically active site for adsorption and reaction process.
· The brief outline of the work is as follows:
1. Glucose hydrogenation: To carry out DFT calculations on nickel and ruthenium metal clusters and rationalize the changes and reactivity of D-glucose hydrogenation, initiated by its adsorption on metal clusters. The focus is on the type of adsorbed hydrogen species generated on metal clusters and the potential role of water in providing alternative catalytic pathways during ring-opening and hydrogenation processes.
2. Furfural hydrogenation: Three different aspects have been covered in this process, namely, the influence of variations in (a) nature of supports: reducible (TiO2,CeO2) and non reducible metal oxides (SiO2,Al2O3,Mg3AlOx), (b) type of titania support phase: anatase, rutile and mixed phase, and (c) bimetallic catalysts, Ni-Cu, Ni-Ag and Ni-Au supported on titania.
3. The catalytic activity of all synthesized catalysts was studied at two different temperatures, with a view to understand the activity range of catalysts and follow the reaction pathways through product distribution and establish correlations with activity and selectivity
4. DFT calculations were also carried out to rationalize the differences observed in the catalytic activity.
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