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Abstract

Abstract

As one of the most important applications, catalysts based on Ni/Co promoted
molybdenum disulfide have been widely used for the hydrodesulfurization (HDS)
process in petroleum refining, and growing concern is directed towards more effective
catalysts for deep HDS due to increasingly stringent environmental regulations for the
sulfur content in transportation fuels. Over the years, the genesis and functioning of
Co (Ni)/Mo catalysts have been thoroughly investigated by Topsae and colleagues in
which an edge-decorated Co(Ni)MoS phase model has been suggested. However, the
relationship between the intrinsic activity and the Co(Ni)MoS structure has not been
understood sufficiently yet, due to the great complexities of the surface structure of
practical HDS catalysts. On the basis of the Co(Ni)MoS phase model, the existence of
non-stoichiometric sulfur species and SH groups on the surface of sulfide HDS
catalysts have been proven by the spectroscopic studies. Whereas, the effect of
non-stoichiometric sulfur (S,) on the HDS activity does not draw so much attention,
since the evolution of S, content proceeds rapidly at the very beginning of HDS
reaction. The present work focuses on the sulfur dynamic equilibrium between the
NiMoS edge and the gas phase, and its influence on NiMoS active structure and the
HDS performance.

This thesis provides new insight into the NiMoS model, revealing that there is a
sulfur dynamic equilibrium between the NiMoS edge and the gas phase. The results
indicated the presence of reducible non-stoichiometric sulfur species Sy (composed of
$%,'S,” and S°) on the catalyst surface, which would fully cover on the NiMoS edge
sites before being reduced and removed, severely degrading the HDS activity by
suppressing the formation of coordinatively unsaturated sites (CUS). Further research
indicates that in a hydrogen atmosphere and at an appropriate temperature, Sy can be
reduced into H,S, H,S;, Sy, Ss, etc. During the reduction of Sy, the S-S bonds on the

NiMoS edge can be cleaved by hydrogen to form SH groups and release H,S through
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the further hydrogenation, accompanied by a significant increase in CUS on the
NiMoS edge, resulting in an enhancement of adsorption of CO, pyridine and
thiophene, which leads to an outstanding HDS activity. During the HDS reaction, the
sulfur-containing reactant is hydrogenated by capturing the H atoms from —SH groups,
while its S atom is transferred to the vacancy on the NiMoS edge, and then, the
NiMoS structure is restored to its initial state after the S atom hydrotreated and
removed. These results reveal the reversibility of sulfidation—reduction reaction for Sy
on the NiMoS edge, and that is what we call ‘sulfur dynamic balance’.

During the HDS reaction process, Sy is in a dynamic balance, and the equilibrium
is actually reactive atmosphere and temperature-dependent. The effect of Sy on HDS
activity and the dependence of Sy on H,S partial pressure over NiMo-based catalysts
have been systematically investigated; the results indicate that the relationship
reasonably follows thermodynamic equilibrium. Sy over the NiMoS/Al,O3 catalyst
shows a higher H,S partial pressure sensitivity than that over the unsupported NiMoS
catalyst, and a larger enthalpy change of the reduction reaction has been observed for
the former catalyst. To sum up, this work makes an effort to elucidate the effect of Sy
on the NiMoS structure and to guantitatively study the relationship among H,S partial
pressure, Sy content and HDS activity. It is expected that these results will be used to
deepen the understanding of HDS reaction over Ni(Co) promoted MoS; catalysts, as
well as to guide the research on ultra-deep HDS of fuel oils.

On the other hand, to the best of our knowledge, reports on Ni(Co) promoted
MoS, catalysts with a defined nanostructure are still limited. Nevertheless, NiMoS
catalysts are widely used for the HDS of petroleum fractions, so it is of interest to
develop Ni(Co) promoted MoS;, nanomaterials as potential catalysts for industrial
deep HDS processes. Herein, the present work shows a systematic investigation of the
synthesis of NiMoS nanomaterials and their catalytic activity.

As a result, uniform 3D NiMoS nanoflowers with self-assembled nanosheets
were successfully synthesized via a simple hydrothermal growth method using cheap
and nontoxic elemental sulfur as sulfur source. The elemental sulfur and hydrazine
monohydrate, hydrothermal temperature and hydrothermal time play important roles

v
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in the preparation of NiMoS nanoflowers. The structure and morphology of the
nanomaterials were characterized by SEM, TEM, XRD, Raman and XPS analyses,
revealing that the NiMoS nanoflowers were composed of ultrathin nanosheets with a
thickness of approximately 6-12 nm. In particular, these flower-like hierarchical
structures provide sufficient pore space between the neighboring nanosheets, which
will facilitate rapid diffusion of large molecules. The HRTEM results indicate that the
curve/short MoS; slabs on the nanosheets possess the characteristics of dislocations,
distortions and discontinuity, which suggests a defect-rich structure, resulting in the
exposure of additional Ni—-Mo-S edge sites. The obtained NiMoS nanoflower
exhibited an excellent activity for thiophene HDS and 4,6-dimethyl-
dibenzothiophene deep HDS due to their high density of active sites. The outstanding
HDS performance suggests that these NiMoS composites with a unique flower-like
nanostructure could be useful as promising catalysts for the deep desulfurization of

fuel oils.

Keywords: hydrodesulfurization; non-stoichiometric sulfur; sulfur equilibrium; SH

groups; NiMosS; nanoflower
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