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Report:
It is known that the sulfur content of crude oils is increasing due to the use of more heavy and ultra-heavy
crudes. At the same time, the regulations for sulfur content in transportation fuels are getting stricter.
Together, this implies that in the refinement the desulfurization has to be drastically improved to keep
acceptable levels of product quality.  Knowledge of the composition of crude oils at the molecular level will
allow identifying the desulfurization steps that need to be improved.
Sulfur K-edge XANES may assist in obtaining this improved sulfur speciation [1-3]. The sulfur XANES
speciation capacity will be exploited to understand the basic features of the XANES spectra and their relation
to the structure at the molecular level. So far the XANES has been used as fingerprinting, used for principal
component analysis, based on a few reference compounds, targeting for the real composition at the molecular
level of very complex oil samples. However, it has been shown that compounds showing the same
coordination may have different XANES spectra when the chemical nature of the compounds is different, for
example peptide vs. inorganic compounds [4]. The understanding of the relation between the chemical
properties (aromatic vs. thiophenes, the influence of the number of rings in aromatic compounds) and edge
features (edge position, height and shape of white line, and the additional resonances at the edge, small
shoulders) is lacking for the sulfur compounds present in oils and its derivatives. Recent advances in XANES
computer codes have provided a theoretical base for the experimental results in molecular biology for
example [5], and a similar approach is attempted in this work.
Experimental method
Sulfur K-edge XANES was  measured in ID21 at ESRF, for a number of thiophenic and aliphatic sulfur
compounds. Samples of crude oil fractions were also measured. All samples were measured in fluorescence
mode, in order to minimize self-absorption effects. The solid samples were measured as solid powders and
also diluted in toluene and also diluted in 1-methyl naphthalene.
DFT simulations of the XANES spectra were performed using StoBe [6]. The calculated transitions were
broadened using Gaussians with a linearly increased broadening up to 4 eV in the first 20 eV after the edge.



Results
In [7] we simulated the sulfur K-edge XANES for three model compounds containing thiophenic

(dibenzothiophene and dibenzothiophene sulfone) and aliphatic (DL-methionine) sulfur. While thiophenes
constitute the most abundant fraction of sulfur compounds in crude oil after desulfurization, methionines are
very important in enzymatic redox processes. Thus, these compounds provide a good starting point to
understand the influence on the spectrum profile of the molecular orbitals of these selected functional groups.

The simulations reproduce well the spectra and the position of the edge (within 0.3 eV) (Fig1). Analysis of
the molecular levels of the first unoccupied orbitals (“LUMOs”) (Fig 2) shows the similarities and
dissimilarities of the compounds. For example, the similar edge position and shape of the white line for DBT
and DLM makes it difficult to differentiate between the two compounds. However, when looking at the
energy distribution of the LUMOS, the difference in the broadening of the white line can be explained by the
different spreading in energy of the first transitions.

Identical groups can lead to very different XANES. In [7] we have shown that similar XANES may stem
from different functional groups, posing a problem for speciation. However we have shown that the small
differences in the shapes of their white lines and frequency of the higher oscillations stem from the different
electronic structure of the groups, setting a theoretical basis to use them for speciation. The same analysis is
being done on dibenzyl and diphenyl sulfur compounds, and the results will be published elsewhere.
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Fig. 1 (left). Experiment and simulations for
Dibenzothiophene: a) experiment, b) relaxed with non-
orthogonal transition moments.
Fig. 2 (top right). Lowest Unoccupied Molecular Orbitals
contributing to the white line of DBT: a) LUMO, b)
LUMO+1, c) LUMO+2.


