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ABSTRACT

Energy is the most prominent need of today's world, and developing sustainable and reliable
energy sources is one of the major challenges. Due to an increase in the global population, the
demand for clean energy sources, i.e., sources with a minimum negative impact on the
environment is continuously increasing. Contemporary research has focused on developing
energy sources that reduce fossil fuel consumption without creating adverse environmental
effects. Hydrogen energy seems to be the most appropriate solution due to its high energy
density and clean-burning ability. The production of green hydrogen (i.e., from renewable
electricity) and blue hydrogen (i.e., from fossil fuel with carbon capture) are most explored
nowadays due to environmental concerns.

Due to a lack of infrastructure and technological advancement, green hydrogen production is
not currently economically feasible. This work aims to develop a technology that can produce
blue hydrogen and has the potential to compete with commercial hydrogen production
technologies. The methane decomposition (MD) process has the potential to produce blue
hydrogen by capturing carbon as valuable carbon nanotubes. As one of the products is valuable
carbon nanotubes (CNTS), the overall feasibility of the process can be governed by the quality
and the cost of produced CNT. A series of catalysts were prepared from transition metals such
as Ni and Fe using Cu, Zn as promoters, and alumina as support. A fluidized bed reactor was
utilized for the methane decomposition reaction considering commercialization aspects. The
catalysts were prepared by the wet-impregnation method, and their hydrodynamic behavior
was studied by cold flow studies. The catalysts were characterized by various analytical
techniques such as X-ray diffraction (XRD), temperature-programmed reduction (TPR),

surface area analysis (BET-BJH), field-emission scanning electron microscopy (FESEM),



high-resolution transmission electron microscopy (HRTEM), atomic force microscopy (AFM),
Raman spectroscopy, and thermogravimetric analysis (TGA) to comprehend the properties of
catalysts (calcined, spent) and produced carbon materials (i.e., carbon nanotubes, graphene
grafted CNTSs).

The performance of the catalysts was evaluated in the bubbling fluidized bed reactor over a
wide range of operating conditions. A hydrodynamic study was carried out to identify the
catalyst particle size and other parameters such as minimum fluidization velocity (Umf) and
superficial velocity. A 60%Ni-5%Cu-5%2Zn/Al>03 catalyst with 125 pm (avg.) particle size
provided more than 90% initial methane conversion at 750 °C. The produced carbon was in
the form of valuable carbon nanotubes with a length up to 5 um, outside diameter of 60-80 nm,
and Raman ratio (i.e., ID/IG) of 0.5. The produced CNTSs were extracted from the spent catalyst
by a newly developed non-destructive ultrasonication process. The reusability of the catalyst
was checked by performing five reaction-regeneration cycles, including carbon nanotube
extraction by ultrasonication. It was observed that 60%Ni-5%Cu-5%2Zn/Al,O3 catalyst
regained its initial activity after each regeneration cycle without any significant loss in activity.
A total of five reaction-regeneration cycles were performed, and the catalyst was able to
provide >90% initial methane conversion after the fifth regeneration cycle. After each reaction
cycle, the produced carbon nanotubes were characterized by various characterization tools, and
no degradation in the CNT quality was observed.

In order to observe the continuous change in hydrodynamic behavior of the catalyst due to
CNT deposition, a hydrodynamic study was performed in the fluidized bed reactor at reaction
conditions on different amounts of CNT deposited catalysts. Based on the latest literature, an

economic analysis was carried out to find the break-even point between SMR and MD process.
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The selling cost of the carbon nanotube was predicted by comparing the physical properties
between produced and commercial carbon nanotubes. Efforts were made to reduce the cost of
the catalyst by lowering the active metal content. A 20%Ni-1.7%Cu-1.7%Zn/Al,03 catalyst
provided >80% initial methane conversion, which remained stable up to 2h (>70%) with a high
amount of CNTs (i.e., 18 gent gmet ™). The effect of metal-support interaction on hydrogen
yield and carbon nanotube growth mechanism was also studied.

The produced carbon nanotubes were also utilized as an autocatalyst for methane
decomposition reaction to avoid the catalyst's regeneration. For that, 60%Ni-5%Cu-
5%2Zn/Al;03 and 30%Fe-2.5%Cu-2.5%2Zn/Al>03 catalysts were tested in a 750-950 °C
temperature range. At 900 °C, after deposition of 50 g CNTs, 60%Ni-5%Cu-5%2Zn/Al;03
catalyst provided 30% constant conversion for 40 h without any deactivation. The product gas
with 30% H>-70% CHa (called hythane gas) can be used as a potential fuel for an automotive
application. While using produced carbon nanotube as an autocatalyst, a new form of carbon
(i.e., graphene grafted carbon nanotube) was identified. Its growth mechanism and physical
properties were explored by various analytical techniques such as FESEM, EDX mapping,
HRTEM, Raman spectroscopy, and TGA. It was observed that graphene grafted CNTs are
highly crystalline and more thermal stable than produced carbon nanotubes. Further, the
methane decomposition mechanism on existing CNTs was studied and explained by various
analytical tools. The produced carbon nanotube was utilized to produce ultra-light, flexible,
highly porous aerogel materials. Prepared silica-CNT-CMC aerogel was utilized in an oil

adsorption application, and 1 g carbon nanotube aerogel can adsorb 28 g of oil.

vii
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