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Abstract

Biomass-based technologies are recently gaining popularity as a prospective substitute for
petroleum-based chemicals and fuel production. Current research and technologies based on
biomass mainly focus on utilizing non-edible lignocellulosic biomass to produce platform
molecules. Towards this, thoughtful integration of chemo and biocatalysis is expected to open
up many novel processes and routes for the sustainable production of high-value chemicals and
fuels. Importantly, in such processes, the reaction environment is often complex, comprising
solvents, catalyst material, and impurities from the fermentation media. In the present study,
an attempt was made to understand the interactions of impurities, solvents, and catalytic active

sites via hydrogenation and hydrodeoxygenation reactions of selected platform molecules.

Firstly, the interaction of fermentation impurities with the metal catalyst was examined. The
platform molecules produced from the biomass often carry trace amounts (<100 ppm) of
biogenic impurities from the fermentation media. These impurities are generally amino acids,
protein residues, and vitamins which are used as nitrogen sources for microbial growth. It has
been observed that these impurities interact with the catalyst particles, causing deactivation.
Catalytic transfer hydrogenation (CTH) of 6-amyl-a-pyrone (6PP) to 6-decalactone (DDL) is
chosen as a probe reaction, and trace quantity (100 ppm) of model impurities was introduced
to examine its effect on the catalyst performance. Strong inhibition of the catalyst activity was
observed in the presence of sulfur-containing amino acids, whereas other amino acids were not
found to cause a significant change in the reactivity. A mechanistic understanding of the
interaction of sulfur-bearing amino acids with the Pd catalyst is developed using density
functional theory (DFT) calculations, which is fundamental for the development of stable

catalysts suitable for complex reaction environments.

Secondly, the role of solvents in the CTH reaction of trans, trans-muconic acid (ttMA) to adipic
acid is studied. Muconic acid is a platform molecule produced from both glucose and lignin
fractions of biomass. The CTH of ttMA using formic acid as a hydrogen source is studied in
different solvents. Interestingly, the reaction proceeded to 100% conversion and high product
yield (89%) in polar protic solvents such as water, methanol, and ethanol. In comparison,
negligible conversion (7%) is observed in the case of nonpolar solvents like hexane and
cyclohexane. In order to develop a mechanistic understanding of the promotional effect of

water in ttMA hydrogenation, DFT simulations are performed.



Finally, the dependence of particle morphology on product selectivity was studied in the
hydrogenation and hydrodeoxygenation reactions of platform molecules (cinnamaldehyde, and
guaiacol) using Pd nanostructures of different shapes and sizes. DFT simulations was employed
to unravel mechanistic insights into the experimental observations of the collaborating group.
Pd nanostructures of octahedra and cubic shapes used in the reaction were modelled using Pd
(111) and Pd (100) surfaces, respectively. Consistent with the experimental observation, CAL
hydrogenation hydrocinnamaldehyde (HCAL) is observed to be energetically favoured on Pd
(111) sites. However, an alternate route involving cinnamyl alcohol (COL) is observed to be
predominant on the Pd (100) surface. Thus, the overall selectivity to the final hydro cinnamyl
alcohol (HCOL) formation is expected to be catalysed by the Pd (100) facets via the COL
intermediate. In contrast, in the HDO reaction of guaiacol, both the Pd octahedra and cubes
predominantly produce the hydrogenated product, which is aligned with the DFT calculated
energetics of the hydrogenation and HDO reactions of guaiacol on Pd (111) and Pd (100)
surfaces. However, the deoxygenated product formation is observed to be energetically more

feasible on the cube particles, the Pd (100) surface.

Overall, this study provides mechanistic insights into the key reactions driving the catalytic
valorisation of platform chemicals. It specifically examines the influence of reaction
environments such as biogenic impurities, solvents, and catalyst facets on the catalyst activity
and product selectivity. The fundamental insights gained from these investigations are
anticipated to pave the way for the rational design of stable catalyst materials capable of
resisting deactivation. These findings will also aid in predicting optimised reaction
environments for desired chemical transformation and in developing catalyst materials with
tailored morphologies for specific chemical transformations. Collectively, these advancements
are critical in optimizing catalytic processes toward sustainable production of chemicals and

fuels.
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Figure 6.2 CAL molecule in the gas phase (A, planar), the most stable adsorption geometry of
CAL over the Pd (111) surface and Pd (100) surface as calculated from DFT simulations. The
C-Pd bond distances (A) are shown in green, and O-Pd distances (A) are shown in blue colour.
(B) The partial density of states (PDOS) of the Pd (111) and Pd (100) surfaces showing d-band
centers and the distances from the Fermi leVel. ... 156
Figure 6.4 Cinnamaldehyde hydrogenation (Route-1) on Pd (111) surface. Side views of the
initial state, transition state, and final state geometries are shown at the bottom, along with H-
C bond distances involved in the hydrogenation reaction are marked in green colour. ........ 159
Figure 6.5 Reaction energy diagram for the CAL hydrogenation on Pd (100) surface. Route-I
is represented by the bold red line, Route-11 is shown by a dashed orange line, and the activation
barriers of elementary reactions are shown in respective colours. The geometries of transition
states are shown in the inset with key bond distances marked in A in green colour. The energy
reported on the ordinate is the electronic energy as calculated from the DFT simulations...161
Figure 6.6 Cinnamaldehyde hydrogenation (Route-11) on Pd (100) surface. Side view of the
initial state, transition state and final state geometries are shown at the bottom along with C-H
bond distances involved in hydrogenation reaction marked in green...........ccccceevveeivevneenne. 162
Figure 7.1 The TEM images of Pd structured nanoparticles, a) Pd Sphere b) Pd supported on
TiO2, c¢) Pristine Pd cube, d) Pd cube supported on TiO2, e) Pristine Pd octahedra f) Pd
octahedra supported on TiO2. Scale bar; a) 100 nm, b, ¢, d, e, f) 20 nM. ....ccceeiviiveiviiennns 176
guaiacol molecule over Pd (111) and Pd (100) surfaces respectively. The C-Pd bond distances
are measured in A and are shown in yellow colour. (ii’ and iii’) represent the partial density of
states (PDOS) of the Pd (111) and Pd (100) surfaces, respectively. The d-band centre (eq) and

the distances from the Fermi level (er) are marked in black colour. ..........ccccoooiiiiiiinn 181
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Figure 7.3 Dissociation of guaiacol functional groups on Pd(111) surface. The transition states
of each elementary dissociation step are shown in the insets. The distance between the atoms
undergoing bond scission is represented in yellow and are measured in Angstrom (A). The
energy reported on the ordinate is electronic energy as calculated from the DFT simulations.

Figure 7.4. Dissociation of functional groups on Pd(100) surface. The transition states of each
elementary dissociation step are shown in the insets. The distance between the atoms
undergoing bond scission is represented in yellow and are measured in Angstrom (A). The

energy reported on the ordinate is electronic energy as calculated from the DFT simulations.

Figure 7.5 Energy diagram for the hydrogenation of guaiacol ring on Pd (111) surface. The
transition state structures of elementary steps are shown in the inset. The distance between the
ring carbon and the surface hydrogen is measured in A and is represented in yellow colour.
The energy reported on the ordinate is electronic energy as calculated from the DFT
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Figure 7.6. Energy diagram for the hydrogenation of guaiacol ring on Pd (111) surface. The
transition state structures of elementary steps are shown in the inset. The distance between the
ring carbon and the surface hydrogen is measured in A and is represented in yellow colour.
The energy reported on the ordinate is electronic energy as calculated from the DFT
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Figure 7.7 The reactant (i, iii), transition state (TS), and product (ii, iv)) states involved in the
C=0 hydrogenation of o-methoxy cyclohexanone over the Pd (111) surface. The bond
distances, O-H (pink colour) and C-H (yellow colour) are measured in angstrom (A)......... 189
Figure 7.8 The reactant, transition state, and product states involved in the C=0 hydrogenation
of o-methoxy cyclohexanone over the Pd(100) surface. The bond distances, O-H (pink colour)

and C-H (yellow colour) are measured in angstrom (A) .........cccooeeveeeoeceeeeeeeeeeeeeen, 190
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