Chapter-8
Summary and Conclusions
8.1. Summary and Conclusions
In this thesis, a detailed investigation on catalytic aspects of biomass derived D-glucose and furfural hydrogenation process has been carried out using experimental and density functional theory calculations. The main focus of thesis was to synthesize earth-abundant transition metal based catalysts. Among base metals, Ni due to its high hydrogenation activity, abundance availability and low cost has been chosen as active catalytic component in present work. For all experiments in thesis, the impregnation method has been used to stabilize nano-Ni particles over various supports. The DFT models were employed to gain insight into adsorption and reaction of substrates at molecular level. The aim of current research work is to shed light on chemical insights and develop a Ni based catalyst for selective hydrogenation of biomass derived chemicals. This thesis has seven chapters along with the summary of the research work. The chapter wise conclusions are given below,
Chapter-1 describes the need for renewable resources and the various benefits that can provide resilience and sustainable development. It further explains carbon fixation in the form of biomass and the way in which its processing can be categories under biorefineries and the challenges faced in making such refinery units. The non-edible biomass especially lignocelluloses availability and its major components are described using various agro-residues. The selection process of platform chemicals, and the sources and applications of D-glucose and furfural are provided in detailed manner along with reaction scheme for current research work. It goes on with providing a literature review on various heterogeneous catalysts reported for hydrogenation of D-glucose and furfural. In addition, it describes the objectives and scope of the research work. 
Chapter-2 and 3 provide details on experimental and computational methods used to carry out research work, respectively. The procedures related to various supports preparation, synthesizing both monometallic and bimetallic supported catalysts and catalytic testing are described in detail. The list of various characterization techniques used in exploring catalysts physico-chemical properties are also provided. The chapter-3 accounts for models and methods utilized for density functional theory calculations in technical chapters of this thesis.  A brief summary of important conclusions from technical Chapter-4 to Chapter-7 are drawn and discussed below,
Chapter-4 is first among the four technical chapters of this thesis. In this work, the density functional theory calculations provide a significant insight into the possible mechanistic pathways for the catalytic hydrogenation of D-glucose to D-sorbitol on Ni and Ru clusters. The adsorption through oxygen atoms attached to anomeric carbon played a crucial role in ring opening process of D-glucopyranose. The water-mediated ring-opening path on both metal clusters has lowered the energy barrier to the same extent, which reveals the critical role played by the solvent environment. The adsorption and reaction on metal clusters are driven by charge transfer from metal cluster to the adsorbed species. Primarily, two different pathways, involving hydroxyalkyl and alkoxy intermediates, are considered for hydrogenation of D-glucose. Our calculations show that hydrogenation over Ru cluster favoured alkoxy route, whereas both routes are favoured equally on Ni cluster. The lower energy barrier on Ru in rate determining step for direct H addition to carbonyl leads to higher activity. In case of Ni, both direct and water mediated step involves higher energy barrier, and thus lower activity. Based on the DFT study, a comprehensive reaction scheme that describes all the elementary reaction steps in the hydrogenation process on Ni & Ru clusters has been proposed. Overall, this work describes difference in the electronic behaviour of Ni and Ru at molecular level that influences the elementary reaction steps and also reveals the role of water in catalyzing the reaction over these metals.
Chapter-5 describes the synergistic effect between various metal oxide support (SiO2, Al2O3, Mg3AlOx, CeO2 and TiO2) and Ni nanoparticles that determine the product selectivity for furfural hydrogenation. Ni supported on reducible oxides due to the defective oxygen vacancies and the availability of dissociated H2 have enhanced the catalytic activity. The acidity of catalyst along with water activates the bifunctional route for cyclopenatnone/cyclopentanol production at high temperature. Among different oxides, TiO2 due its point of zero charge near pH=5 to 6 accelerates furfural transformation into cyclopentanone. Our DFT calculations suggested that furfural and furfuryl alcohol in reaction medium regulate cyclopentanone hydrogenation. Overall, titania supported Ni catalyst has shown optimum catalytic activity towards furfural hydrogenation. Its active bifunctional sites have led to complete rearrangement of furfuryl alcohol to cyclopentanone and further hydrogenation to cyclopentanol. Our work demonstrates the influence of support and strategies to catalyse selective hydrogenation and further acid catalysed rearrangements and deep hydrogenation processes for up-grading furan-based biomass chemicals.
Chapter-6 further discussed the role of titania phases in catalysing furfural hydrogenation. The support phase can modulate the metal-support interaction of a catalyst that effect both activity and the product distribution of the reaction. For this work, Ni catalysts supported on anatase, rutile and mixed phase TiO2 were developed and it is evident from H2-TPR that titania with mixed and rutile phases have stronger metal support interaction than anatase phase. Pure anatase supported Ni catalysts have shown lower activity than rutile containing catalysts, but higher selectivity for furfuryl alcohol and cyclopentanone depending on reaction temperature. The additional deep hydrogenation products like tetrahydrofurfuryl alcohol and cyclopentanol are found only on rutile and mixed phases catalysts. The XPS results indicate significant amount of charge redistribution between metal and support in the case of titania with anatase phase. In addition to high reducibility, the anatase phase also shows formation of NiTiO3, which has detrimental effect on the reaction. The DFT studies suggest that the adsorption strength of active species on Ni metal can influence the final product in the reaction medium. The results clearly illustrate the role of metal-support interaction and crystal phase on both activity and product distribution.
Chapter-7 uses rutile phase titania support to investigate the promotional role of group 1B metals in bimetallic NiM/TiO2 catalyst (M=Cu, Ag and Au) for catalyzing furfural hydrogenation. The XRD results indicate that the Ni-Cu system has greater degree of alloy composition than the other two bimetals. The presence of Ag or Au peak and the shift in Ni peak of bimetals indicated partial segregation of Ag and Au in Ni-Ag and Ni-Au catalysts. In addition, the H2-TPR results clearly suggest higher electronic charge redistribution between metals in Ni-Ag and Ni-Au samples during reduction process. All bimetallic catalysts showed complete conversion (97 to 100%) with high selectivity towards CPO than monometallic catalysts. The decrease in THFOL and CPOL products without affecting FAL reaction on bimetallic catalysts suggests that there are different sites for hydrogenation on Ni/TiO2 catalyst. This work illustrates how the coinage metals specifically prevented the deep hydrogenated products by blocking the adsorption of THFOL and CPO on the Ni surface. This work provides a new perspective for designing the Ni based catalysts for biomass upgradation.
On the whole, the investigation in present work have shown that the nano-Ni particles anchored on TiO2 are the stable catalytic systems that has withstand the aqueous phase hydrogenation under high pressure reaction. Here, we have studied stability and surface functionalities of Ni catalysts by altering the nature of support, whose reducible behaviour and acidity was capable in selectively tuning the product distribution. The electronic properties of metal and addition of promoter metal has also shown significant effect on both activity and product selectivity. For future, this has opened paths to investigate other avenues such as synthesis of controlled size, structure and exposed facets of catalysts that can tune both activity and product selectivity industrially important chemicals. The support functionalities like anchoring ability, pore confinement effects, generating specific reactivity sites, etc., can be explored.
