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Abstract

The ever rising demand for energy and dwindling crude oil reserves has prioritized the need
for non-crude oil based energy systems such as coal, pet coke and biomass. Since coal is one
of the most abundant and evenly distributed fossil fuel, thus searching for clean coal conversion
technologies is the current need of hour. The syngas derived from coal and biomass gasification
comprises a significant fraction of COz (3-15%) along with CO, resulting in CO2-rich and Ha-
deficient feed gas. The direct chemical transformation of this CO:2 rich syngas into
methanol/dimethyl ether (DME) gives a distinct edge to this methodology amongst different
“CO2 valorisation” techniques. The conventional Cu-based catalytic system for methanol/DME
synthesis is highly optimized for syngas feed having CO:z only up to 3 vol%. However, the
process for utilizing COz rich streams (having up to 30% CO2) is relatively less developed.
Moreover, Cu based catalysts generally suffer from poor stability under industrial reaction
conditions. Although it is believed that Cu® active sites contributes to catalytic activity for
conventional syngas, but the exact nature and mechanistic aspects of active sites (Cu’ or Cu*
or Cu’/Cu") is under debate for CO: rich syngas. Furthermore, there is also a debate on the
primary carbon source for methanol/DME synthesis and the origin of evolution of different
types of Cu species. Therefore, rational design of Cu-based catalysts for COz rich syngas was

formulated via addition of bivalent/trivalent cation promoters of reducible-nonreducible nature.

In view of this, initially comprehensive thermodynamic study in adiabatic and isothermal
processes was conducted to evaluate the comparative efficacy of methanol and DME synthesis
using wide range of reaction parameters: reaction temperature (180 °C-280 °C), reaction
pressure (10-80 bar), SN number (0-11), CO2/(CO2+CO) molar feed ratio (0-1). Based on the
equilibrium yield, one-step DME synthesis was discovered as the most viable process to utilize
the coal/biomass derived syngas effectively. Further, the overall process efficiency was
inspected through the process design of 1 TPD DME plant resulting in significant CO2

abatement and DME production with high product purity and minimum energy consumption.

To gain experimental insights of the process, a series of Mn promoted highly substituted
malachite precursors were synthesized by varying Mn loading and applied for methanol
synthesis reaction. The same precursor materials were also employed for DME synthesis
reaction using tandem catalysis approach. For this, bifunctional catalytic sites were introduced
using y-Al203 as a methanol dehydrating agent along with these precursors. The structural
changes within the catalytic entity were analyzed as a function of MnO content. Investigations

revealed that incorporating 20 mol% Mn in precursor phase (malachite lattice) resulted in better

v



stabilization and dispersion of CuO domains as compared to other analogous catalysts. This is
due to maximum dilution of Cu?" ions since MnO has similar charge as Zn** and only 4% less
ionic radii relative to Cu?*. Consequently, this catalyst resulted in ~1.4-fold and ~1.2-fold
increase in CO conversion (Xco = 46%) and methanol selectivity (Scuson = 93%) at
respectively as compared to the unpromoted catalyst. Interestingly, same catalyst with
bifunctional sites also demonstrated an ~ 2.7 and ~1.8-fold increase in total carbon conversion
(Xco+co2 = 36.2%) and DME selectivity (Spme = 73.8%) relative to unpromoted one. It was
also gathered that the surface Cu*/Cu® ratio was regulated at reaction conditions by optimizing
MnO composition. This is probably due to stabilization of the active centers for methanol/DME
formation. The resulting co-existence of stabilized dual active sites (Cu® and Cu") validate both
formate and rWGS CO-hydro pathways for hybrid feed hydrogenation and provides insights

for carbon source from which methanol/DME originates.

Apart from these findings, identification of most suitable precursor phase for synthesis is still
debatable. Accordingly, a series of La-promoted Cu/ZnO/MgO catalysts were synthesized to
understand the evolution of stable phase mixed precursors. The optimized catalyst (2.5 mol%
La) demonstrated the amplified population of malachite phase and a suppression in aurichalcite
phase. Presence of mixed phase precursor reflected well in Cu dispersion, small sized stable
Cu particles and improved methanol synthesis activity with marginal deterioration in activity
over 60 h on stream. CZ-Mi7s5Laxs catalyst showed the highest carbon conversion with a

methanol selectivity of 72.2% at 260 °C.

All above results revealed the complexity of interplay of activity results with synthesis and
reaction conditions due to the structure sensitive nature of the reaction. An ultra-fast machine
learning (ML) based framework was therefore developed using extensive database construction
from existing published literature to uncover catalytic property-performance correlations
hidden in large body of existing experimental research. Overall through these systematic
studies, the dissertation provides insights of active surface sites, primary carbon source, origin
of different types of Cu sites for the reaction. Nonetheless, this study also gives insights
underlying precursor phase chemistry and guide a way to future catalyst design. To summarize,
the formulated coal to methanol/DME route paves the way for sustainable solutions referring

to global “3E” issues, viz. energy, environment, and economic challenges.
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