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Abstract

Mixed sulfides based on Mo and Ni consist typically of MoS», NiMoS, and NiSx phases.
The latter are detrimental to catalytic activity because of intrinsically low activity of NiSx,
leading to quasi-inert catalyst mass, blocking active sites. For reductive desulfurization,
the post-synthetic removal of NiSx enhances hydrogenation rates of the mixed sulfide
phase and highlights correlations between active site concentration and activity. For fatty
acid deoxygenation, all phases show comparable intrinsic rates but vastly different selec-

tivity. Here, Ni opens an additional pathway involving the breaking of C-C bonds.

Kurzfassung

Mischsulfide auf Basis von Mo und Ni bestehen typischerweise aus MoSz-, NiMoS-
und NiSx-Phasen. Letztere sind aufgrund der an sich geringen Aktivitdt von NiSx fiir die
katalytische Aktivitat schiadlich, da sie ein quasi-inerter Festkdrper sind, der aktive Zen-
tren blockiert. Fiir die reduktive Entschwefelung erhoht die post-synthetische Entfernung
von NiSx die Hydrierraten an NiMoS und zeigt Zusammenhénge zwischen Struktur und
Aktivitdt auf. Die Deoxygenierung von Fettsduren verlduft an allen Katalysatoren mit
dhnlichen intrinsischen Raten, aber sehr unterschiedlicher Selektivitiat. Hier er6ffnet Ni

einen zusétzlichen Weg, der das Spalten von C-C-Bindungen beinhaltet.

vV



Symbols and abbreviations

4,6-DMDBT 4,6-Dimethyl dibenzothiophene

4HDBT 1,2,3,4-tetrahydro-DBT

4-MDBT 4-Methyl dibenzothiophene

6HDBT 1,2,3,4,4a,9b-hexahydro-DBT

AAc 2-Adamantanylacetic acid

at% Atomic percent

BCH Bicyclohexyl benzene

BEM Bond energy model

BET Brunauer-Emmet-Teller theory of physisorption
BP Biphenyl

BT Benzothiophene

c Concentration

CHB Cyclohexylbenzene

CLR Carbon loss reactions (carbon loss route)
CoSx Unspecified Co sulfide

COx Unspecified carbon oxide

CuUS Coordinatively unsaturated site

D Diffusion coefficient

d Diameter

DBT Dibenzothiophene

DCO Decarbonylation

DFT Density functional theory

DMDS Dimethyldisulfide

DO Deoxygenation

e.g. For example

Eo Energy of element-specific absorption edge

Ea Energy of activation




EC

ED
EDX
EU
EXAFS

FAEE
FAME
FCC
FFA
FID
FWHM
GC

H (H)
HAA
HAADF
HDM
HDN
HDO
HDS
HEFA
HOMO
HRJ
HVO

1.€.

ICSD cc.

IER
IR

European Comission

Edge decoration

Energy dispersive X-ray spectroscopy
European Union

Extended X-ray absorption fine structure
Fraction

Fatty acid ethyl ester

Fatty acid methyl ester

Fluid (fluidized-bed) catalytic cracking
Free fatty acid

Flame ionization detector

Full width at half maximum

Gas chromatograph(y)

(Mean) stacking height

Hexadecanoic acid anhydride
High-angle annular dark-field (electron microscopy)
Hydrodemetalation
Hydrodenitrogenation
Hydrodeoxygenation
Hydrodesulfurization

Hydrotreated esters and fatty acids
Highest occupied molecular orbital
Hydrotreated renewable jet fuel
Hydrotreated vegetable oil

That is

Inorganic Crystal Structure Database collection code
Isotopic exchange rate

Infrared

Equilibrium constant
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K

k

L (suffix)
L

LHSV

m/z
MES

mol%

N (N)

Ns

ND

NiSx
NMR
OCS

p (suffix)

p
ppm

RE
Ref.

SATP

Shape factor

Reaction rate constant
Leached sulfide

Length

Liquid hourly space velocity
Metal (as in “M edge*)
Molecular weight

Mass

Mass-to-charge ratio
Maossbauer emission spectroscopy
Mole percent

Coordination number
Amount of substance
(Mean) stacking degree
Number of sites

Number density (of sites)
Unspecified Ni sulfide
Nuclear magnetic resonance
Oxygen chemisorption
Parent sulfide

Pressure

Parts per million
Interatomic distance
Reaction rate

Rate enhancement factor
Reference

Revolutions per minute

Selectivity

Standard ambient temperature and pressure
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SEM Scanning electron microscopy

SHE Standard hydrogen electrode

SI International system of units

(S)SA (Specific) surface area

STEM Scanning transmission electron microscopy
STM Scanning tunneling microscopy

T Temperature

t Time

TAG Triacylglycerol

TEM Transmission electron microscopy
TG Triglyceride

TMS Transition metal sulfide(s)

TOF Turn-over frequency

TP Thiophene

A% Volume

vol% Volume percent

W/F Catalyst weight-to-volume flow ratio
WHSV Weight hourly space velocity

wt% Weight percent

X Conversion

XANES X-ray absorption near edge structure
XPS X-ray photoelectron spectroscopy
XRD (Powder) X-ray diffraction

AG° Standard (Gibbs) free energy of reaction
AH® Standard enthalpy of reaction

ANi Fractional loss of Ni

AS Fractional loss of S

Effectiveness factor

0 Diffraction angle
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i
us
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Wavelength of electromagnetic radiation
Stoichiometric coefficient

Chemical potential of S

Mean square variation in path length
Thiele modulus

Molar fraction

Weisz modulus
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Introduction

As global petroleum consumption increases and resources are
depleted, it is expected that conventional oil production will
decline, and production of oil from residua, heavy oils, and tar sand
bitumen will increase significantly. Over the next decade, refineries will
need to adapt to receiving heavier oils as well as a range of bio-
feedstocks. It is likely that current refineries could not handle such a
diverse slate of feedstocks without experiencing shut-downs and related
problems. As feedstocks to refineries change, there must be an

accompanying change in refinery technology.

J. G. Speight, The Refinery of the Future (2011).




Chapter 1: Introduction

1.1 The significance of hydrotreating

Hydrotreating is a refinery technology in which petroleum fractions are reacted with
hydrogen at high temperature and pressure over transition metal sulfide catalysts. The
main purpose is the removal of heteroatoms (sulfur, nitrogen, oxygen, and metals) present
in the organic constituents of petroleum. According to the element to be primarily
removed, hydrotreating processes are typically referred to as hydrodesulfurization (HDS),
hydrodenitrogenation (HDN), hydrodeoxygenation (HDO), or hydrodemetalation
(HDM). However, these reactions are not strictly separated and may take place simul-

taneously in one and the same catalytic unit.

Even though the removal of heteroatoms is the main objective, there are other favorable
reactions that occur during hydrotreating. Depending on the reaction conditions and the
catalyst, heteroatom removal is typically accompanied by the (partial) hydrogenation of
dialkenes, olefins, and polynuclear aromatics — substances which may otherwise act as
coke precursors in downstream upgrading processes. To a limited extent, also more severe
molecular transformations such as isomerization or cracking may take place. However,
this is not the main purpose, and there are dedicated technologies which are more suitable
for such “destructive” reactions. It should be emphasized that the term hydrotreating, as
used in the broader sense and in this thesis, is limited to “nondestructive” transformations
(heteroatom removal and hydrogenation) which leave the molecular size and boiling point

of the feedstock essentially unchanged.

Due to its critical role in fuel production, hydrotreating is nowadays employed in
virtually every refinery in the world.” As fuels are produced and used in inconceivably
large quantities, it is no suprise that hydrotreating is the largest industrial application of
catalysis by volume of feedstock processed.” To put this into perspective, it is worth
noting that Germany alone produced 46 million metric tons of diesel/gas oil in 2016,

which, however, constituted only about 3 % of the world production of that year.?

The great success of hydrotreating has been notably driven by growing environmental
concerns. Fuel specifications have become increasingly tight over the past few decades,
as governments and policy makers impose ever stricter regulations to cut down on SO2
and NOx emissions from fuel combustion. This is not only true for Europe and North

America but also for other highly populated areas such as China and Russia. As of today,
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all these countries have adopted fuel standards specifying a maximum sulfur content
equal to or below 50 mg/kg for on-road diesel and gasoline (Figure 1.1). For example, the
latest EU directive on the quality of automotive fuels (2009/30/EC) specifies a maximum
sulfur content of 10 mg/kg (or ppm).

>

\“’ e J ™
Sulphur Level in Diesel C S

® unknown t »
Below 15 ppm L
15 - 50 ppm

® 50-500 ppm

500 - 2 000 ppm ‘

2 000 - 5 000 ppm
@ Above 5000 ppm

Figure 1.1. Global status of diesel fuel sulfur levels as of July 2019 (reproduced from ref. 4).

In contrast to these environmental concerns, the second important reason for
hydrotreating lies within the refinery. As other processes often use catalysts that are easily
and irreversibly deactivated (poisoned) by heteroatom-containing compounds, they may
thus operate only on essentially heteroatom-free feedstock. The prime example is cata-
lytic reforming, a process which employs a noble metal catalyst (Pt, Re) for improving
gasoline octane ratings by isomerization, cyclization, and aromatization. However, direct
poisoning by heteroatoms is not the only issue, as deactivation occurs also by coking.
This is especially relevant for the upgrading of highly unsaturated feedstock with low
H/C ratio, for example cracked naphtha. In any of these cases, hydrotreating ensures that

feedstock quality is sufficient for subsequent refinery operations.

Historically, it were these refining-specific reasons (and not environmental concerns)
that stimulated the introduction of hydrogen treatment for improving product quality.’
First of all, there were no significant indigenous sources of hydrogen in the refinery that
could have been used for hydrogenation processes before the introduction of catalytic
reforming in the 1940s; and it was only after switching to noble metal reforming catalysts
in the late 1940s that a real necessity for heteroatom removal led to the development of a

variety of hydrotreating processes.
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It is unclear whether the success story of hydrotreating will continue into the future. As
large parts of the world have already adopted very stringent fuel standards — at the edge
of what is technologically and economically feasible — there are now only few regions
left with significant room for improvement: among them Africa, South America, and the
Middle East. With an increasing living standard and a growing population owning cars,
also these countries may finally adopt more stringent fuel standards, but the growth
potential for conventional hydrotreating is small nevertheless. This projected stagnation
may finally turn into a decline once essentially sulfur-free fuels from renewable sources’

become widely available.

As of today, the vast majority of liquid fuels is still produced from crude oil and
according to some estimates this situation will not change significantly over the next few
decades.” While renewable sources such as vegetable oils will substantially gain
importance, conventional refinery-produced fuels will stagnate at the current high level
and continue to provide the bulk of liquid fuels long into the 2040s. Until then,
hydrotreating will face a number of technological and scientific challenges. The declining
demand for heavy oils and residues — the so-called “bottom of the barrel” — and the
necessity to convert these into lower-boiling products will greatly incentivize further
research.”5? Note also that advancements in the exploration and production of fossil raw
materials now allow for the utilization of resources that might have been considered
unsuitable in the past: for example, “heavy” and “extra-heavy” crudes, tar sand bitumen,
and kerogen.’’ This shift towards lower quality petroleum and the emergence of renew-
able refinery feedstock will substantially affect hydrotreating catalysis and technology in

the years to come.
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1.2 Scope and delimitations

The introductory section in chapter 1 is followed by an extensive review of the literature
on hydrotreating catalysis and technology in chapter 2. A variety of aspects is discussed
from an applied and a fundamental point of view, while a clear focus is put on hydro-
desulfurization reactions of conventional petroleum-based feedstock. The major part of
chapter 2 is dedicated to the catalytic materials used for such processes, in particular their
preparation, structure, and catalytic properties. Special attention is paid to unsupported
promoted transition metal sulfides, especially Ni-MoS,, as these are the basis for the
original research presented in the later chapters 4 and 5. In this context, a detailed account
of the phenomenon of promotion and the role of segregated promoter metal sulfides is

given as well.

In contrast to that, the following chapter 3 covers a more recent and unconventional
application of hydrotreating: the conversion of renewable raw materials to hydrocarbon-
based transportation fuels. After a general introduction to biofuels, special attention is
paid to fuels produced by hydrotreating of biogenic lipids such as vegetable or animal
oils and fats. The challenges and potential of this emerging technology are put in
perspective with the current state-of-the-art. This is followed by a discussion of the
chemistry of lipid hydrodeoxygenation, in particular, molecular-level reaction mecha-
nisms, as well as thermodynamic and kinetic aspects. The catalysts used for such
transformations, most importantly transition metal sulfides, are covered in the final
section of chapter 3. Just as in conventional hydrodesulfurization, an emphasis is put on

the ambiguous role of segregated promoter metal sulfides.

The first piece of original research, presented in chapter 4, is concerned with bulk
Ni-MoS> catalysts for conventional hydrotreating application: More specifically, it deals
with the hydrodesulfurization of dibenzothiophene, which is a sulfur containing,
binuclear, aromatic compound. In view of the current shift to more refractory feedstock,
bulk catalysts are becoming increasingly interesting for refiners, as they promise unprece-
dented volumetric activities. Unfortunately, these materials are notoriously difficult to
characterize because of their complex three-dimensional structure and multi-phasic
composition. Consequently, there is still no standard experimental protocol able to link

the catalytic activity to the physical, structural and chemical properties of the catalysts.
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Such structure-function relations are, however, at the core of any rational approach for

preparing and selecting optimal catalysts. The present work is aimed at closing this gap.

For this purpose, a post-synthetic acid treatment is applied to a series of bulk Ni-MoS»
catalysts with varying Ni concentration. This procedure modifies the catalysts such that
meaningful structure-function relations can be obtained. First, the procedure itself as well
as its effects on the composition and structure of the catalysts is systematically evaluated.
Special attention is paid to the local environment of the Ni-containing active sites and the
global distribution of Ni among the different phases. Next, the catalysts are analyzed with
respect to their selectivity and activity in the conversion of dibenzothiophene under
typical hydrotreating conditions. Finally, the results of the kinetic measurements are
correlated and discussed in connection with the catalysts’ structural properties. Having
successfully established a concept for determining site-specific activity in bulk sulfides,
the intrinsic reaction rates are then compared to those of a typical supported catalyst. Even
though acid treatment has substantial effects on activity, it should be noted that the
catalysts in this study are not specifically designed for superior performance. The prepa-
ration is rather targeted at maximal performance differences within the series, in hope of
facilitating the isolation of the common activity parameters. Due to the focus on hydro-
desulfurization, the present work cannot account for phenomena related to the simul-
taneous presence of other heteroatom-bearing compounds (e.g., inhibition by N-organic
bases), even though this is a highly relevant complication occurring in real hydrotreating
operations. Further, it is unclear whether the effects observed in this study are applicable
to related hydrotreating reactions, in particular denitrogenation, deoxygenation, and

demetalation.

The second piece of original research, presented in chapter 5, is dedicated to the
hydroconversion of renewable lipid feedstock over conventional hydrotreating catalysts.
The main motive of this work is to determine how the reaction can be controlled in such
a way that the output of the desired product is maximized, while the consumption of
energy, raw and auxiliary materials is kept at a minimum. Numerous reports show that
lipid hydroprocessing is feasible using the reaction conditions and catalyst systems
devised for conventional hydrotreating. However, much of the literature is only

superficial when it comes to molecular-level aspects, even though it would be vital to
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understand how exactly the given catalyst systems work in combination with uncon-
ventional feedstock. This is particularly important in view of the emerging co-
hydroprocessing of renewable lipids. Hence, the present study is not focused on develo-
ping an optimal catalyst from a selection of available or novel materials. It is rather
dedicated to identifying the catalytically active features in conventional HDS catalysts
and understanding their interaction with lipid molecules. In the longer term, this should
enable the hydrotreating community to modify or re-design existing catalyst systems and
choose the most suitable reaction conditions for the conversion of oxygen-rich lipid

feedstock.

These objectives are achieved by means of physico-chemical characterization, focused
on the properties of the catalysts, and test reactions with different model reactants. First,
a reaction network is established using the common intermediate of lipid deoxygenation
(a free fatty acid), while intentionally ignoring the more trivial steps of triglyceride
decomposition. The conversion of subsequent products and intermediates is then studied
separately under identical conditions. Key evidence is provided by reactants with
“restricted” reactivity, used for falsifying certain mechanistic hypotheses. In an additional
series of experiments, temperature and H» partial pressure are varied separately to
determine activation barriers and reaction orders, giving further clues about the elemen-
tary surface reactions. These results are then combined with an analysis of the chemical
and physical properties of the catalyst. Note that the catalysts chosen for this study are
designed to exhibit maximal differences in selectivity, whereas high activity is not a
criterion. Potential artifacts associated with functional groups on the support are excluded
by the use of unsupported catalysts. It is worth noting that this study is focused solely on
the elimination of oxygen from renewable model reactants: That is, additional chemical
transformations necessary for producing renewable fuels are not within the scope of this
work (e.g., dewaxing or the adjustment of molecular size via hydrocracking). Neither
does the present work intend to answer scientific and technological questions arising due
to the feedstock's chemical properties (e.g., corrosiveness, increased heat release, release

of water and of oxygenated gases).

The pressures and temperatures used in the experimental part of chapters 4 and 5 are
within the approximate range of industrial hydrotreating, but other parameters may not

be representative of an industrial setting. First, the model reactants and solvents used in
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the present work are highly pure substances, which is necessary to facilitate product
analysis. Of course, this approach must ignore the potential influence of impurities found
in commercially available, mass-produced feedstock. Second, the high dilution of the
reactant has to be considered when generalized conclusions are to be drawn. Compared
to industrial applications, substantial differences are expected to arise because of the
design and size of the laboratory-style reactor setups. While the batch reactor used for
lipid deoxygenation offers practical advantages, such as the possibility to quickly record
full conversion curves, it is far from representing the situation in an industrial fixed-bed
hydrotreater. Potential limitations of the setup are addressed in the supporting information
of chapter 5, for example, the fact that H> concentration cannot be held constant, or that
gaseous products (H>O, CO, CO;) may accumulate and interfere with the model reactants.
In contrast to that, the fixed-bed reactor used for hydrodesulfurization in chapter 4 is much
more similar to its industrial counterpart. Even in this case, however, substantial differen-
ces are likely to be present due to the reactor’s small internal volume and the dilution of
both the catalyst and the reactant. The resulting homogeneous temperature distribution
cannot be compared to the complex profiles found in industrial-sized reactors. Another
important aspect is catalyst deactivation. While care was taken to stabilize the model
catalysts by prolonged exposure to the reaction conditions before kinetic measurements,
the time scale used is still negligible compared to real-life applications, which are in the
range of months or years of continuous operation. Accordingly, it remains to be elucidated
whether the present findings are also applicable to aged or multiply regenerated hydro-
treating catalysts. In the specific case of acid-treated catalysts (chapter 4), it is unknown
whether the observed structural changes are stable over time and how much of a benefit
can be expected after longer operation. This is especially concerning in view of the con-
tinuous addition of metal impurities contained in extra heavy feedstock (e.g., during

asphaltene demetalation).




Chapter 1: Introduction

1.3

(1

2

3)

“)

6))

(6)

(7

®)

(€)

(10)

References

Chianelli, R. R.; Berhault, G.; Torres, B. Catal. Today 2009, 147, 275-286.

Prins, R. Hydrotreating. In Handbook of Heterogeneous Catalysis, Ertl, G., Knozinger,
H., Schiith, F., Weitkamp, J. Eds. Wiley-VCH: Weinheim, Germany 2008, pp 2695-
2718.

Energy Statistics Yearbook. United Nations 2016,

unstats.un.org/unsd/energystats/pubs/yearbook (19.04.2019).

Global Sulfur Levels. United Nations Enviroment Programme 2019,
unenvironment.org/global-sulphur-levels (19.04.2019).

Alfke, G.; Irion, W. W.; Neuwirth, O. S. Oil Refining. In Ullmann's Encyclopedia of
Industrial Chemistry, Wiley VCH: Weinheim 2007, pp 207-261.

Gosselink, R. W.; Hollak, S. A.; Chang, S. W.; van Haveren, J.; de Jong, K. P.; Bitter, J.
H.; van Es, D. S. ChemSusChem 2013, 6, 1576-1594.

BP Energy Outlook 2019 edition. BP 2019, bp.com/energyoutlook (14.04.2019).
Furimsky, E. Appl. Catal., A 1998, 171, 177-206.

Ancheyta, J.; Speight, J. G. Hydroprocessing of heavy oils and residua. CRC Press:
Boca Raton, Florida 2007, 376 pages.

Speight, J. G. Hydrotreating Processes. In Handbook of petroleum refining, CRC Press:
Boca Raton, Florida 2017, pp 409-455.







2

Fundamentals of hydrotreating catalysis

s war damals ein allgemein anerkanntes Dogma, dafs Kon-

taktsubstanzen, welche die Anlagerung von Wasserstoff an
Elemente oder Verbindungen zu katalysieren vermogen, grund-
sdtzlich durch die Gegenwart selbst kleinster Mengen freien oder
gebundenen Schwefels vergiftet, d.h. ihrer Wirksamkeit beraubt
werden. [...] Da nun die fiir die in Aussicht genommene Druck-
hydrierung in Frage kommenden Rohstoffe (Kohle, Teere,
Mineralole) durchweg schwefelhaltig sind, erschien nach dem
damaligen Stande von Wissenschaft und Technik die Anwendung
von Katalysatoren bei der Druckhydrierung der genannten
Materialien aussichtslos. [...] In systematischer Arbeit wurde das
periodische System der Elemente durchprobiert, und im Molybdiin
und Wolfram wurden Elemente gefunden, die an sich eine sehr

gute Hydrieraktivitit aufweisen und diese auch in Gegenwart von

Schwefel beibehalten.

W. Kronig, Die katalytische Druckhydrierung von Kohlen, Teeren und Mineralolen (1950).

Free translation: “It was then a generally acknowledged dogma that contact substances, which catalyze
hydrogen addition to the elements or to compounds, are categorically poisoned by the presence of even
minuscule amounts of free or bound sulfur. That is, they are deprived of their efficacy. [...] According
to the technological and scientific state-of-the-art of those times, it seemed illusory to use catalysts for
pressure hydrogenation, because the raw materials considered for this process (coals, tars, mineral
oils) all contain sulfur. [...] The periodic table of elements was then tested systematically, and the
elements molybdenum and tungsten were found to have a very good intrinsic hydrogenation activity,

which they also maintain in presence of sulfur.”
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2.1 Industrial application

Hydrotreating plants represent the highest capacities of all secondary refining processes
worldwide.” A typical refinery has not one but multiple hydrotreating units installed in
strategic locations (Figure 2.1). In these units, petroleum fractions of varying origin and
composition (Table 2.1) are reacted with hydrogen at elevated temperature, most typically
in the range of 300400 °C, and moderate to high pressure in the range of 7-160 bar over
a fixed bed of sulfided Co-Mo/AlOs3 or Ni-Mo/AL>Oj5 catalyst (see also section 2.3).%~
Other important process parameters include the Ho/oil ratio and the space velocity. These
individual process parameters are often summarized under the term “process severity”,
where a high severity is associated with high temperature, high pressure, high H»/oil ratio,

and low space velocity.
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Figure 2.1. Example of a refinery process flow scheme illustrating the key role of hydrotreating in
the modern petroleum refinery (adapted from ref. 4).
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A conventional hydrotreating unit typically operates in co-current down flow mode, i.e.,
(vaporized) oil and hydrogen both flow in vertical direction towards the bottom of the
reactor.” Hydrogen is introduced at several points along the reactor in a quantity corres-
ponding to multiples of the chemical consumption rate. This is done in order to maintain
high reaction rates and to suppress the build-up of carbonaceous deposits.? The hetero-
atoms are removed in the form of H>S, NH3, and water, and subsequently scrubbed from
the reactor effluent at the reactor outlet, whereas hydrogen is recycled by means of a
(high-pressure) separator.>” While S-, N-, and O-containing contaminants form products
that are easily separated from the liquid oil stream, metal salts and metallo-porphyrins
(Ni, V) are much more problematic, because the non-volatile metal-containing entities
cannot leave the reactor and will hence form metal sulfide deposits on the active phase.
This can severely limit the lifetime of the catalyst from typically 2 to 3 years to only a
few months,’ especially in the processing of heavy feedstock. It should be emphasized
that the concentration of contaminants, particularly refractory S- and N-compounds and
metals in distillation residues, can significantly exceed that of the distilled crude oil

fractions.’

Table 2.1. Elemental composition of crude oils (wt%). Heavy crudes will generally have lower H/C
ratio and higher heteroatom content than light crudes.?

Carbon 83-87 Oxygen 0.05-1.5
Hydrogen 10-14 Sulfur 0.05-6.0
Nitrogen 0.1-2.0 Metals (Ni, V)  <0.1

Of the multiple hydrotreating units in a typical refinery, at least one is generally
dedicated to treating reformer feedstock, which needs to be essentially sulfur free because
of the heteroatom-sensitive catalysts employed there. Other hydrotreating units are dedi-
cated to treating the various middle distillates serving as ingredients and precursors of
diesel, fuel oils, and jet-fuel.” The process parameters can vary within the ranges given in
Table 2.2 and are strongly dependent on the properties of the catalyst, the desired product
slate, and the properties of the feedstock (i.e., density, viscosity, boiling point, H/C ratio,
content and structure of the heteroatom-bearing compounds). As it is not within the scope
of this work to provide a comprehensive treatise on the large variety of hydrotreating
processes, the following paragraphs will only briefly outline the fundamental require-

ments for processing different feedstocks, using naphtha and atmospheric residue as an
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example.” A more extensive review of the process conditions used in hydrotreating can

be found elsewhere.!37!

Table 2.2. Process parameters for the hydrodesulfurization of different petroleum fractions.2

Process conditions

Feedstock Boilingrange  Temperature H2 pressure H2/oil LHSV @
(°C) (°C) (bar) (Nm3/m3) (h')
Naphtha 70-170 300-370 7-32 50-270 5-8
Kerosene 160-240 330-370 11-35 90-270 4-6
Gas oil 240-350 340-400 11-49 180-360 2-6
Vacuum gas oil 350-650 360-400 32-56 180-710 1-3
Residua > 650 370-450 53-158 270-1800 0.5-2

@ LHSV: Liquid Hourly Space Velocity (m?® of liquid feed per m* of reactor volume per hour).

Naphtha is the lowest-boiling liquid fraction in the refinery and originates either directly
from the distillation column (“virgin” or “straight-run” naphtha) or from carbon rejection
routes, such as coking or catalytic cracking. Fluid catalytic cracking, or FCC, is often the
major source of naphtha in the refinery.’ Straight-run naphthas are poor in olefins and
aromatics, and thus need to be further processed in the reformer which optimizes octane
ratings for later gasoline blending. Because of its low-boiling point, naphtha can be easily
brought to evaporation before introducing it into the reactor. With the reactants
completely in the gas phase, naphtha HDS is thus rarely affected by pore diffusion
limitation. This has beneficial consequences for catalyst choice, which is not restricted by
pore diameter, and allows for a lower reaction temperature because of the high diffusion
rate. Depending on the origin of the naphtha, sulfur contents may range from as little as
0.01 wt% 1n straight-run fractions up to 1 wt% in coker or FCC naphtha. However, the S
compounds in this fraction are relatively reactive and their C—S bonds are broken easily
at moderate temperature without requiring prior hydrogenation (see sections 2.2.1 and
2.2.2).”2 Because of this, catalysts used in naphtha HDS need only a low to moderate
hydrogenation activity, which is found, for example, in Co-Mo/Al>O3. The right choice
of catalyst helps reducing the consumption of hydrogen by selectively promoting HDS
and disfavoring saturation of valuable olefins. Olefin concentration may be considerable
in cracked naphtha, in which case the hydrogen partial pressure needs to be fine-tuned
between optimized coke suppression and retaining of olefins (favored by high and low

H; pressures, respectively). Due to the mild process conditions and the absence of metallic
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impurities in the feedstock, naphtha HDS catalysts are among those with the longest life

time in the refinery.

In contrast to naphtha, the higher-boiling fractions of the same crude generally need
more severe process conditions and more specific catalyst design. For example, in the
HDS of atmospheric residue (a liquid-phase process), catalyst pore diameters need to be
larger to improve diffusion of the high-boiling, bulky compounds found in that fraction,
e.g., asphaltenes, metallo-porphyrins, and substituted dibenzothiophenes. Larger pore
diameter and volume also help in delaying catalyst deactivation, which occurs extensively
due to coking of unsaturated molecules and the build-up of metal deposits from demetala-
tion. Because of the refractory nature of the heavier heteroatom-bearing compounds,
residue HDS is best performed in presence of catalysts with a stronger intrinsic hydro-
genation activity, e.g., Ni-Mo/Al>O3 and (rarely) Ni-W/Al,Os (see section 2.3). In combi-
nation with a high hydrogen pressure, this helps to suppress extensive coking but comes
at the cost of increased hydrogen consumption. Despite high catalyst activity, residue
HDS needs high temperatures in order to improve diffusion in the liquid phase and to
increase the reaction rate of refractory impurities via pre-hydrogenation (see section
2.2.2). In practice, even higher temperatures would be desirable, but that would sacrifice
some of the catalyst's life time and increase the yield of low value, small molecules due
to the onset of hydrocracking reactions. As the maximum temperature is limited (techni-
cally and thermodynamically), space velocity needs to be decreased accordingly to ensure

sufficient conversion.
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2.2 The chemistry of hydrotreating processes

The following section describes well-established facts about the reactions of molecules

occurring in typical hydrotreating processes. This extensive body of knowledge has been

1-7,9-10,13 8,14

reviewed periodically in a number of books, encyclopedic entries,”’* and review
articles.”?” Unless stated otherwise, the information presented in the following is based

on these references.

In general terms, petroleum or any other refinery feedstock is a mixture of hydrocarbons
and hetero compounds. The heteroatom content alone is, however, insufficient for deter-
mining the processing requirements of one particular kind of feedstock, and the reactivity
depends critically also on the molecular structure of the individual constituents. These are

divided into the following categories:

— Saturates: linear and branched alkanes, and cycloalkanes

— Aromatics: benzene, toluene, xylene, naphthalene, phenanthrene, etc.

—  Sulfur compounds: thiols (mercaptans), thioethers, and thiophene derivatives
— Nitrogen compounds: pyridines, pyrroles, amides

— Oxygen compounds: phenols, carboxylic acids

— Metallic constituents: dissolved organometallics (e.g., porphyrins) and

suspended metal salts

While all these compounds may be simultaneously present in hydrotreating feedstock,
not all are equally relevant. Chemical transformations of saturates and aromatics, for
example, occur regularly during hydrotreating, but it is not the main objective of the
process and there are more efficient, dedicated processes to achieve these goals: e.g.,
reforming, catalytic cracking, and hydrocracking. This is equally valid for metallic
constituents. These are extremely difficult to remove but often not volatile enough to be
found in distilled fractions. Their removal from the distillation residue is best addressed
separately in specialized reactors. Hence, the main task to be accomplished by the
hydrotreater is the removal of S, N, and O from organic compounds. Of these three,
mainly S and N are targeted, as oxygen compounds are usually not that highly concen-
trated and typically less problematic during processing and later fuel use. Nitrogen is

generally more difficult to remove than sulfur, and nitrogen-rich feedstock will often
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require a special catalyst. In addition, N-containing molecules can severely inhibit the
reactivity of other molecules due to strong adsorption to the catalyst surface.’’ As far as
this work is concerned, the focus is on the removal of sulfur from petroleum constituents,
and hence there will be no detailed descriptions in regard of other reactant molecules.
Note that oxygen compounds in the form of lipids are addressed separately in chapter 3
in connection with hydrotreating of renewable feedstock. Lipids are typically not found

in conventional hydrotreating feedstock.

2.2.1 Organosulfur compounds

Several classes of organosulfur compounds are found in petroleum fractions (Figure
2.2). Small molecules such as propanethiol and simple thiophenes (TP) are more likely
to be present in the light petroleum fractions, while larger molecules like benzothiophenes
(BT) and dibenzothiophenes (DBT) are typically found in the diesel and jet range
hydrocarbon fractions (so-called “middle distillates”). Even larger heterocycles, contai-
ning more than three aromatic rings, are characteristic for heavy fractions and distillation
residues. It is worth noting that that the S content generally increases in proportion with
the boiling range of the distillate; that is, there is more S bound in heavy molecules than
in lighter ones. Middle distillates may nevertheless contain disproportionately more S due

to the thermal decomposition of heavy S compounds during distillation.
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Figure 2.2. Selected classes of S compounds found in typical HDS feedstock.

For HDS, the overall S content of the feedstock is much less relevant than the structure

of the S bearing molecules. This is because the local configuration around the S atom has
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a dramatic impact on the molecule’s reactivity. While lighter hetero compounds are in
general much easier to desulfurize than heavier ones (Figure 2.3 A), this trend is not
directly related to the molecular weight but rather to the steric and electronic effects that
follow the complexity (size) of the molecule. It was found that the higher analogues of
thiophene are substantially more refractory in HDS than thiophene: DBT, for example, is
approximately two orders of magnitude less reactive than TP under identical reaction
conditions. This has been attributed to the decreased accessibility of the S atom in BT and
DBT and to the stabilization by the more extended 7-electron system. The steric effect is
nicely demonstrated by comparing the HDS rate constants of dialkylated DBTs (Figure
2.3 B). Methyl substituents in the 4 and 6 positions, adjacent to the S atom, have a more
substantial impact than substituents in the 2/8 or 3/7 positions. This causes 4,6-DMDBT
to be roughly 10 times less reactive than unsubstituted DBT and, in fact, it is often found
that 4,6-alkylated DBTs remain intact until the final stages of HDS. Note that already a

single methyl group vicinal to sulfur has a tremendous impact on the rate (4-MDBT).

Increasing difficulty for HDS / decreasing reactivity

TP
A s

O @J ﬁ

1.0 >> 0.04

2,8-DMDBT 3,7-DMDBT 4-MDBT 4,6-DMDBT
° “ ﬂQ 2 @ Cf sse At
>> 0.09 > 0.07

C 2,8-DMDBT > 3,7-DMDBT > DBT >> 4-MDBT > 4,6 DMDBT
D 2,8-DMDBT > DBT >> 4-MDBT > 4,6 DMDBT

Figure 2.3. Reactivity of organosulfur compounds in HDS. (A) Rate constant of thiophene (TP),
benzothiophene (BT), and dibenzothiophene (DBT) relative to TP.?’ (B) Effect of methyl
substituents in methyl- and dimethyl-dibenzothiophene (MDBT and DMDBT, respectively) relative
to DBT.22 Reactivity sequence of alkyl-DBTs according to refs. 2324 (C) and ref. 25 (D).
Substituents may induce electronic effects, even though these are typically less
significant than the effects of steric repulsion. It was found that distant methyl groups in

the 2/8 or 3/7 positions, which barely affect the steric situation of sulfur, may even
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enhance HDS rates compared to unsubstituted DBT (Figure 2.3 C and D). The fact that
these substituted analogues react more readily than DBT was attributed to the inductive
effect of the methyl groups, which increases electron density at the S atom, and therefore
enhances the interaction with Lewis-acidic surface sites (exposed metal cations). Note,
however, that this effect is rather subtle and might be absent or even reversed under

different reaction conditions.

2.2.2 Desulfurization mechanisms

All HDS reactions share a fundamental pattern, which is independent of the reactant
and best described by a Langmuir-Hinshelwood-type mechanism: (1) adsorption and
coordination of the reactant at the coordinatively unsaturated metal cations of the metal
sulfide, (2) surface reaction with dissociated (“active”) hydrogen aided by so-called SH
groups, and (3) desorption of desulfurized hydrocarbon and H>S. The third step regene-
rates the coordinatively unsaturated site and the cycle is repeated with a new reactant
molecule (see section 2.3.3 for detailed accounts of hydrogen activation and the nature of
the active sites). Depending on the structure of the molecule, there are differences in the
mode of adsorption and in the complexity of the surface reaction which typically involves

multiple steps.

The desulfurization of aliphatic and aromatic thiols is among the simplest reactions in
HDS. It takes place via f-hydrogen elimination of H>S and subsequent hydrogenation of

the resulting alkene or via direct C-S hydrogenolysis:

-H,S +H
/+H elim. / hydrogenation: ~ R-CH,-CH,~-SH ——2» R—CH=CH, —=2» R-CH,-CH,

+H
Hydrogenolysis: R-CH,-CH,-SH v ; R-CH,-CH,
-2

The elimination step occurs via well-known acid-base reactions at the catalyst surface,
involving sites on the metal sulfide phase and, if present, on the support. Hydrogenation
and hydrogenolysis, on the other hand, need dissociated hydrogen which is supplied only
by the metal sulfide phase. In general, the elimination route is more rapid than the hydro-
genolysis route for aliphatic thiols, except for thiols that lack f-H atoms (like CH3SH). In
this case, hydrogenolysis is the only possible reaction route. Also arylthiols, like thio-

phenol, react predominantly via hydrogenolysis yielding benzene and H>S.
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The simplest aromatic S-heterocycle, thiophene, has also a relatively well-understood
reaction mechanism, which occurs mainly via hydrogenation to tetrahydrothiophene
under typical HDS conditions (the low-pressure mechanism is still under debate, even
after decades of research). The saturated intermediate may then undergo two successive
S-H eliminations (as shown above for thiols) to give butadiene and finally n-butane.
Given their high reactivity, the thiol intermediates and butadiene are difficult to observe
experimentally and it is possible that the mechanism may actually consist of an alternating

sequence of elimination and hydrogenation:

S. *2H, s [SH -H,S [ +H, +H,

9 i N i AN R N A N
elim. elim.

s "M s [SH +H, [SH -H,S *H,

W Q,;M//—'Mrﬁ \ /T
elim. elim.

Desulfurization of the larger heterocycles, BT, DBT, and alkyl-DBTs, is more complex
than for TP and thiols. It can in principle occur via two distinct routes, referred to as
hydrogenation (HYD) and direct desulfurization (DDS) (Figure 2.4). In DDS no inter-
mediates are observed, hence its “direct” character, even though it is unlikely that both
C-S hydrogenolysis steps occur in a concerted fashion. That is, there should be an inter-
mediary biphenyl-2-thiol (surface species) which reacts rapidly without desorbing from
the catalyst. At incomplete DBT conversion, biphenyl (BP) is usually not further hydro-
genated to cyclohexyl benzene (CHB) and bicyclohexyl (BCH) because it adsorbs much
more weakly than DBT (apart from potential thermodynamic limitations). Under labora-
tory conditions, i.e., at low or differential conversion, it is thus very easy to distinguish
between DDS and HYD products, as there is no interconversion between the two routes.
For unsubstituted DBT, it is generally found that DDS is the major route over Co-MoS»
and Ni-MoS; catalysts (DDS selectivity of roughly 90 % and 70 %, respectively). Note,
however, that different product distributions have been observed in a few cases, especially

in connection with bulk Ni-MoS (see chapter 5).

While direct sulfur extrusion is the major route for unsubstituted DBT, it may be
preceded by partial hydrogenation (HYD route, Figure 2.4). The tetrahydro-DBT

intermediate formed in this process is further hydrogenated to its hexahydro form, which
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now allows C-S bond scission via elimination/hydrogenation or hydrogenolysis as de-
scribed earlier for thiophene. The resulting arylthiol is finally hydrogenolyzed to CHB.
Further hydrogenation of this S free intermediate does generally not occur until DBT has
been fully consumed (analogous to the situation of BP in DDS). The partially hydro-
genated intermediates and the arylthiol are typically not observed, as the first hydrogen-
ation step to tetrahydro-DBT is rate limiting and the subsequent steps, accordingly, much

faster.

S

Direct desulfurization route Hydrogenation route
DDS HYD
( ) Dibenzothiophene (DBT) ( )
+H,
/ +2 H2

dol [co+go+do
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Figure 2.4. Reaction network of dibenzothiophene HDS. Dashed arrows indicate reactions that
are typically only observed after full conversion of DBT.

It is believed that the different reactivity of DBT in the DDS and HYD route arises
because of different modes of adsorption (Figure 2.5). Adsorption of DBT perpendicular
to the catalyst surface allows for the formation of a strong o-bond between the
coordinatively unsaturated metal site and the S atom. This weakens the C-S bond and
enables direct sulfur extrusion. Hydrogenation, on the other hand, is initiated from a
parallel (“flat”) adsorption state, where the main interaction with the catalyst surface
occurs via the aromatic z-electrons. While this does not sufficiently weaken the C-S bond
and C-S cleavage is still unfavorable in this state, it enables hydrogenation of one of the
benzene rings. This not only mitigates steric hindrance by allowing the methyl group to

rotate out of the formerly rigid plane; it also reduces C-S bond strength and creates the
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possibility for -hydrogen elimination.”’ The successive steps may then proceed with

relative ease according to the mechanisms outlined for TP and thiophenol.

DBT 4,6-dimethyl DBT 4,6-dimethyl DBT

* * *
Perpendicular orientation: Perpendicular orientation: Parallel orientation (,flat*):
o-adsorption Steric repulsion mm-adsorption

Figure 2.5. Possible adsorption modes of unsubstituted and 4,6-dimethylated dibenzothiophene.
Perpendicular adsorption is associated with direct desulfurization (hydrogenolysis) and parallel
adsorption with the hydrogenation route. The asterisk indicates a coordinatively unsaturated
metal site on the metal sulfide surface.

In alkylated DBT and BT, the perpendicular adsorption mode is hindered by steric
repulsion, and thus DDS is strongly suppressed. This is especially true for DBT with alkyl
groups in the 4- and/or 6-position (adjacent to the sulfur atom). For these molecules only
the parallel adsorption mode is feasible, and thus HYD becomes the only route. This

restriction towards the slower HYD route is the main reason why 4,6-alkylated DBTs are

among the most refractory molecules in HDS feedstock.

Quite often, HDS studies and catalyst design specifically target the least reactive consti-
tuents of HDS feedstock, especially DBT and its 4,6-methylated analogues. DBT is
readily commercially available and thus a good model compound when both DDS and
HYD pathways are to be explored, such as in the present study. 4,6-DMDBT, on the other
hand, is often chosen when novel catalysts are to be screened for HYD activity or when

there is an isolated interest in HYD reaction mechanisms or HYD active sites.

2.2.3 Thermodynamics of hydrodesulfurization

The majority of HDS reactions are significantly exothermic (Table 2.3), with a heat
release approximately proportional to the amount of hydrogen needed to desulfurize

and/or saturate the reactant (i.e., similar reaction enthalpy per mole Hz). In the f-H
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elimination of thiols, by contrast, no hydrogen is added and the reaction is endothermic
(entry 3). It is driven entropically and will proceed to completion only above approxi-
mately 250 °C or when the resulting alkene is removed from the balance by hydro-
genation. Thermodynamics may also affect the hydrogenation of alkenes and aromatics,
including the intermediates BP and CHB (entries 10 and 11). While strongly exothermic,
these reactions are entropically unfavorable and may thus be already severely equilibrium

limited (K < 1) at moderate temperatures (300 °C) if hydrogen pressure is low.

Table 2.3. Equilibrium constants (K) and standard enthalpies of reaction (AH°~«n) for selected
reactions occurring during hydrotreating (compiled from refs. 27-29),

log1o(K) AHCxn
Reactant class =) (kJ)
Entry | Reaction at at at per mol per mol
200°C 300°C 400°C reactant H2

Thiols

1 CH3SH +Hy; = CHy + HyS 8.38 7.06 6.15 -72 -72

2 CyHsSH + Hy == CyHg + H,S 6.99 5.91 5.16 -59 -72

3 CyH5SH == C,yH4 + H,S -0.25 1.26 2.31 +78 n.a.
Thiophenes

4 TP +4H, = n-butane + H,S 14.13 9.33 6.04 -262 —66

5 TP+ 2H, = tetrahydro-TP 3.17 1.12 —0.21 -116 -58
Benzothiophenes

6 BT+3H, = ethylbenzene + H,S 16.65 12.85 10.20 —203 —68

7 DBT+2H, — BP+H,S 15.23 12.50 10.61 -148 -74

8 BT +H, = dihydro-BT 1.55 049 -0.23 58 -58

9 DBT + 3 H, = hexahydro-DBT 547 1.54 -0.98 -230 =77
Sulfur free hydrocarbons

10 BP +3H, < CHB 313 120 425 225 -75

11 CHB+3H, = BCH 247 186 -4.91 -225 -75

Negative values of log1o(K), highlighted in grey, indicate that the equilibrium constant is less than
unity. Abbreviations: thiophene (TP), benzothiophene (BT), dibenzothiophene (DBT), biphenyl
(BP), cyclohexylbenzene (CHB), bicyclohexyl (BCH).

As expected for exothermic reactions, an increase in temperature decreases the equi-
librium constant and therefore negatively affects the product yield. In the case of pure
hydrogenolysis this is irrelevant because K is sufficiently large over a wide range of

temperatures (entries 1, 2, and 7). Hydrogenolysis will generally proceed to completion
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in presence of a stoichiometric amount of hydrogen and may thus be considered irre-
versible under practical HDS conditions. However, this is not necessarily true for
combined reactions comprising both hydrogenation and hydrogenolysis, as some of the
steps can be thermodynamically unfavorable. The full HDS of TP (entry 4), for example,
requires initial saturation of the double bonds (entry 5), which becomes severely
equilibrium limited at temperatures just short of 400 °C. The same applies to the HDS of
BT which is also typically initiated by hydrogenation (entry 8). In general, all sulfur
removal pathways that involve pre-hydrogenated intermediates may be notably affected
by thermodynamics. This has to be considered, especially when targeting 4,6-alkylated
DBT and similar molecules, as these can only react via hydrogenated intermediates with
potentially low equilibrium concentrations (analogous to entries 8 and 9). The operating
window of conventional HDS catalysts is therefore subject to an upper temperature limit
given by thermodynamics, and a lower temperature limit given by the activity of the
catalyst. In practice, this situation can be mitigated by applying higher H> pressures,
which may reach up to 200 bar for heavy feedstock. This is costly, however, and it would
be much more desirable if catalysts could operate efficiently at a temperature of 200—

250 °C at which almost all hydrotreating reactions are thermodynamically favorable.
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2.3 Transition metal sulfides as hydrotreating catalysts

Since the very beginning of technical heterogeneous catalysis, workers in the field have
struggled with the problems of catalyst deactivation, poisoning, regeneration, and reacti-
vation. In this regard, sulfur compounds are probably the most obnoxious poisons. This
is because of their ubiquity in technical raw materials like petroleum or coal and their
deteriorating effects on many types of catalysts.”> For smaller applications, one could of
course separately remove sulfur (compounds) prior to the reaction of interest, e.g., via
selective adsorption or oxidation, but this is not economically feasible for the vast
volumes of basic raw materials processed in the fuel industry. The solution in this case,
revolutionary at the time, was to make the poison an integral constituent of the catalyst.
It was in 1924, when systematic research conducted by Krauch and Pier®’ at the former
Badische Anilin und Sodafabrik led to the discovery of transition metal sulfides (TMS),
in particular MoS; and WS, as efficient hydrogenation catalysts in the presence of sulfur.
To the present day, these materials continue to be the very basis of hydrotreating catalysts,

representing one of the largest catalyst businesses worldwide.’

Modern hydrodesulfurization catalysts typically consist of Mo or W as the base metal
and a so-called “promoter” metal from the iron group, typically Co or Ni. The metals are
impregnated onto a porous alumina support and subsequently sulfided (see also section
2.3.1).2%%11 Quite often the promoter is present in high concentrations (sometimes in a
1:1 atomic ratio with the base metal). The most popular choice for HDS, especially for
straight-run petroleum fractions, are Co-Mo$S: catalysts.” They minimize hydrogen con-
sumption for easy-to-process feedstock by combining a maximum activity for sulfur
removal with a low activity for aromatics hydrogenation. Ni-MoS; catalysts, on the other
hand, generally offer a higher activity for aromatics saturation, as well as for HDN and
HDS of refractory sulfur compounds.’ Their application is, however, limited to specific
situations because their superior performance comes at the price of increased hydrogen
consumption and higher catalyst costs. Similarly, Ni-W catalysts are also only employed
for refractory feedstock, when very high activity for aromatics saturation is required along
with maximum HDS and HDN performance.’’ In addition to the traditional Co(Ni)-
Mo(W) combinations, virtually all monometallic and binary transition metal sulfides of

the first, second, and third row have been studied in connection with hydrotreating.3%
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More recently, there has also been some interest in transition metal carbides, phosphides,
and nitrides as hydrotreating catalysts, even though these have not yet seen broader appli-

cation.

While alumina-supported TMS always were and still are the work-horse of the refinery,
also highly-active unsupported (“bulk™) TMS have started to see broader application in
recent years.’”** This development is driven significantly by the ever increasing demand
for cleaner fuels and the shift to more refractory feedstock as outlined earlier (section
1.1). Consisting essentially of active metal sulfide only, the volumetric activity of unsup-
ported TMS can exceed that of contemporary supported catalysts by 50 to 100 % or
more.? As this high activity comes with massively increased hydrogen consumption and
heat release, unsupported catalysts are rarely used alone but rather in addition to the less
active supported materials, for example, in multiple-bed reactors. On the other hand, bulk
catalysts with improved activity and selectivity have the advantage that heavier feedstock
can be processed without capital-intensive changes to the existing process and equipment,
hence providing higher flexibility for refiners. From a scientific perspective, unsupported
catalysts are interesting because they lack potentially confounding metal-support inter-
actions that could be detrimental for mechanistic studies and the analysis of active sites

(see, for example, “Type-I sites” in section 2.3.3.6).%*

2.3.1 Preparation

Alarge variety of procedures for the preparation of transition metal sulfides is described
in the literature (reviewed in refs. #73/343%) a5 well as in numerous patents held by cata-
lyst manufacturers (e.g., Exxon Mobil*’ and Chevron?’). Industrial supported catalysts
are typically prepared in the form of oxidic precursors and transformed into sulfides at
the site of operation. The oxide precursor is prepared by impregnation of an alumina or
silica-alumina support using aqueous salt solutions of the base metal, e.g., ammonium
heptamolybdate, and the promoter metal, e.g., Ni nitrate. Most typically, pore volume
impregnation is used for this purpose (also referred to as “dry” or “incipient wetness”
impregnation), whereas soaking of the support in excess salt solution is less common
because the amount of metal deposited is harder to control. The metal salt solutions may

be applied at the same time or sequentially and sometimes one metal is added not at once
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but in several impregnation steps, each followed by drying and/or calcination. As the
metals may be added in deliberate quantities, there are virtually no limitations in regard
to the attainable metal loading and the promoter/base metal ratio. In practice, the dried or
calcined MoO3/AlbO3 precursors typically contain less than about 30 wt% of MoOs
(20 wt% Mo) and exhibit maximum catalytic activity at a Co(Ni)/Mo atomic ratio of
approximately 0.3-0.4./*> The precursors are then sulfided by slowly heating to about

300—400 °C under hydrogen flow in presence of a sulfiding agent.

In industry, sulfidation is typically performed at the site of operation by passing
pressurized hydrogen and a S-containing petroleum fraction over the catalyst bed (e.g.,
straight run gas oil spiked with a “labile” S compound like dimethyl disulfide).” The
liquid agent has the advantage to be more efficient in heat distribution, thus greatly
minimizing hot spot formation due to exothermic O-S exchange.*** The reaction extent
during the various stages of sulfidation is also much easier to control as H>S is released
only gradually by decomposition of the sulfiding agent. Exothermicity is less of a problem
in small-scale academic setups, where the use of gaseous H>S/H> mixtures is often more

convenient and still widely used.*

It should be noted that the chemical transformations occurring during sulfidation are
generally not topotactic, i.e., the microscopic structure of the precursor is not preserved,
even though the catalytic performance of the final sulfide is greatly influenced by the
properties of the precursor.”d Accordingly, there is a large body of research dedicated
exclusively to the understanding of precursor formation’” and sulfidation” which,

however, is not in the scope of the present work.

While the preparation of supported sulfides follows a common scheme, bulk sulfides

).34

can be synthesized using much more diverse approaches (Figure 2.6).”* Some routes lead

to the formation of oxide precursors, just as in the preparation of supported catalysts,
whereas others are essentially oxygen free and directly yield metal sulfides or thio
compounds. Common preparation routes of bulk sulfides include the co-precipitation of

oxidic precursors,” homogeneous sulfide precipitation,?”#’ thiosalt decomposition,?®%-

39.38-61 a5 well as co-maceration.’” The reaction can

’7 hydro- and solvothermal reaction,
be carried out in a variety of solvents (aqueous, organic, oils) in a wide range of reaction

conditions, in presence or absence of hydrogen. Organic ligands, such as citric acid or
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amines, are sometimes added to chelate metal ions and modify the structure of the catalyst

(precursor).?0:%3

In those cases where a bulk oxidic precursor is obtained, sulfidation has to be performed
in much the same way as with supported catalysts, i.e., in H> atmosphere using liquid or
gaseous sulfiding compounds. This is not strictly required for some thio compounds, as
those already contain sufficient amounts of sulfur. Nevertheless, also in these cases a heat
treatment is performed in reducing (H») or inert atmosphere to decompose the thiosalts
(e.g., (NH4)2MoS:) to metal sulfides. A large body of research’’>33%6/ gpecifically deals
with thiosalt precursors containing NR4" ions (R = alkyl) as their decomposition yields
sulfides of extremely high surface area (> 300 m?/g). They also tend to incorporate signi-
ficant amounts of carbon during decomposition, which some believe to have beneficial

effects on catalyst activity due to the formation of surface carbides or improved dispersion

of the active phase.®%
pH>9 MX Typically:
(NH,)6Mo70,4 (aq) ——  MoO4* (aq) "MMoQ4" (s) Mis NI, Co, (Fe)
X = Cl, Br, NO,

1 2 3 Y =ClI, Br, OH
l H,S R = propyl, butyl

J MX, MX
(NH4)2MoS, (aq)

[M(MoS4)]*" (aq) — MoS3 + MS (s)
5 6

4

j Na,S 1 NR,Y
MX,
(acetone or DMF)
MoS3 + MSy (s) (NR4)2MoS; (s) Impregnated thiosalt
9 7 8

Figure 2.6. Exemplary reaction routes (schematic) for the preparation of bulk TMS precursors.
The numbers are used in the main text to refer to the depicted compounds.

Some exemplary reaction routes towards bulk TMS (or their precursors) are shown in
Figure 2.6. Ammonium heptamolybdate tetrahydrate (1), a relatively inexpensive and
widely available compound, is often used as a starting material for precursors of bulk
TMS. It readily dissociates into molybdate ions (2) in alkaline solution, most typically
aqueous NH4OH. Molybdate and an added M(II) salt, e.g., containing Ni2*, Co**, or Fe*",
can then be co-precipitated to yield (partly) crystalline solids, such as Ni(II) molybdate
or Ni-Mo mixed hydroxides (3). Alternatively, addition of H»>S or water-soluble sulfides

transforms the molybdate ion to the isoelectronic thiomolybdate (4), which may be
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precipitated as ammonium salt and subsequently decomposed to MoS». Promoted MoS»
may be prepared by addition of M(II) salt to thiomolybdate solutions, leading to complex
formation (5). Note, however, that isolation of the complex is rarely possible due to its
propensity for oxidation. Typically, an ill-defined mixture (6) of monometallic sulfides is
obtained, possibly containing some bimetallic thio compounds. Other uses of ammonium
thiomolybdate include ligand exchange with “bulky” tetralkylammonium ligands
(NR4Y). Depending on the size and structure of the alkyl chain, the resulting compound
(7) can be decomposed to MoS; with extremely high surface area. Dry thiosalts (4 and 7)
may be impregnated with Ni** using polar aprotic solvents (8) instead of direct reaction
in aqueous solution (4 — 5). Some of the above methods may also be combined to a
procedure typically referred to as “homogeneous sulfide precipitation”. In this case,
molybdate, M?* and S* ions are present at the same time in a hot aqueous solution, which
is then evaporated to dryness. Just like in (6), the resulting solid (9) may contain some

bimetallic thio-compounds in addition to various monometallic sulfide phases.

One common aspect of many bulk sulfide synthesis routes is the formation of stoichio-
metric compounds, which sets boundaries to the attainable promoter/base metal ratio.
Because of this, the promoter/base metal ratios of bulk sulfides are typically much greater
than the optimum found in supported catalysts (0.3-0.4). In the thiosalt route, for
example, two MoS4> (WS4>) anions form a square planar complex with one Ni(II) cation,
resulting in a fixed Ni/Mo(W) ratio of 0.5.°® Similarly, co-precipitation of oxide
precursors in aqueous solution also typically produces stoichiometric solids, e.g., layered
hydroxides of the form (NH4)HNix(OH)2(MoO4)2 or Ni metalates of the form
NiMo(W)O4 both exhibiting a Ni/Mo(W) ratio of 1.97° Other procedures appear to be
more versatile in this aspect (e.g., oxide-based hydrothermal routes®” or homogeneous
sulfide precipitation), but promoter and base metal phases may precipitate separately, thus
essentially creating a physical mixture instead of a bimetallic compound. It is generally
more difficult to obtain defined phases in bulk sulfides than in conventional supported

TMS.

The limited stoichiometry of bulk sulfides can be hindering in systematic studies where
different promoter contents are to be explored over a wide range of concentrations.

Additionally, the multi-phasic composition significantly complicates characterization.
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Bulk sulfides also generally exhibit much lower specific surface areas than their suppor-
ted pendants, i.e., typically much less than 100 m*g (with the exception of sulfides
prepared from “bulky” tetraalkylammonium thiometalates). This means that only a tiny
fraction of the material is at the accessible surface and thus available for catalytic surface
reactions. The informative value of bulk characterization techniques (e.g., XRD, EXAFS,
or TEM) is greatly diminished because of this circumstance. In terms of catalytic perfor-
mance, however, the lower dispersion is typically outweighed by the fact that the whole
surface of bulk TMS consists of potentially active phases only, whereas supported sulfides

also expose inactive alumina surfaces.

2.3.2 Structure and morphology

All forms of MoS; (and the isostructural WS») exhibit an anisotropic layered structure,
in which each layer is composed of an atomic plane of Mo sandwiched between two
atomic planes of S (Figure 2.7 A, B).”” Several of these S-Mo-S layers (“slabs”) may be
stacked upon each other, especially in unsupported MoS,. The top and bottom of the
stacked crystallite is terminated by low-energy surfaces called the “basal planes”, while
the lateral terminations (“edges”) are energetically less favorable. Accordingly, growth
parallel to the basal plane is typically more extended than in stacking direction.” The
energetic situation can be modified in presence of a support by interacting with Mo atoms
at the edges of the crystallite (e.g., Mo-O-Al linkages on Al>O3), thus disrupting crystal
growth and stabilizing small, single layer patches of MoS; (see also “Type-I sites” in
section 2.3.4.3).*7I"3 As a result, supported sulfides are typically much better dispersed
than bulk sulfides.

Depending on the arrangement of S with respect to Mo within the S-Mo-S layers and
the orientation of the S-Mo-S layers with respect to each other, several polymorphs of
MoS; can be distinguished.”? The basic building blocks of the naturally occurring 3R
(rhombohedral) and 2H (hexagonal) phases are edge-connected trigonal prisms, i.e.,
formal “MoSes” units with six S atoms at the corners and one Mo atom at the center (Figure
2.7 A).”! Within the layers, Mo and S are bonded via covalent interactions (Figure 2.7 D),
whereas adjacent layers are held together by relatively weak van-der-Waals forces only

(Figure 2.7 C). Applying shear stress parallel to the basal planes will easily dislocate the
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layers with respect to each other, lending bulk MoS; its very effective lubricating
properties.’’ The most frequent MoS: phase in hydrotreating catalysts is the 2H poly-
morph, which is the form usually adopted by synthetic MoS: due to the more favorable
energetics. 2H-MoS; crystallizes in hexagonal symmetry and exhibits an AB-type alter-
nating sequence of S-Mo-S layers, i.e., adjacent layers are rotated by 60° with respect to
each other, which is the main difference to the 3R polymorph. Both forms have semicon-
ducting properties with a band gap of about 1.2 eV (multilayer) and 1.8 eV (monolayer),
making them useful for applications in nano- and optoelectronics.”” A meta-stable 1T
modification with octahedral Mo-S coordination and metallic conductivity has also been

described.”

A B Cc

.

- Mo B

* »

™ .‘- e T, N
~sBasal plane S s

L

Figure 2.7. Structure of bulk MoS2 (2H-MoSz2, ICSD cc. 644245). (A) Hexagonal unit cell showing
the trigonal prismatic coordination of Mo by six S atoms. (B) Stack of four truncated MoS: layers
terminated by two basal and six edge planes. (C) View onto edge of two layers of MoS: held
together by van-der-Waals interactions (arrow indicates interlayer Mo-Mo separation). (D) View
onto basal plane (arrow indicates intralayer Mo-Mo separation). Structural representations were
created with VESTA.76

The typical dimension of supported MoS: crystallites as determined from transmission
electron micrographs (TEM) is on average about 50 A along the basal plane and less than
the interlayer distance (6.15 A) in stacking direction, corresponding to a stacking degree
of less than 2 slabs (i.e., predominantly monolayers).””"*” Lacking a structure-directing

substrate, unsupported sulfides tend to form considerably larger crystallites in both the
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basal plane and the stacking direction (Figure 2.8 A, B).%/-52 Bulk MoS: for catalytic
applications often also exhibits stacking faults, folding or bending of layers and overall
poor crystallinity (Figure 2.8 B).%’ These irregularities, paired with the natural anisotropy,
are the reason why structural characterization of MoS; is a challenging task. The follow-
ing techniques are routinely applied for this purpose: (i) calculating the mean particle size
from Mo-Mo coordination number as determined by extended X-ray absorption fine
structure (EXAFS); (ii) directly measuring and counting of layers/crystallites in TEM
micrographs (Figure 2.8 A, B); (ii1) analyzing line widths in powder X-ray diffractograms
via the Scherrer equation® (Figure 2.8 C). While these techniques should give consistent
results, this often only works for well-defined systems, e.g., supported metal nano-
particles. For MoS; this is typically not the case. For example, EXAFS-based particle size
estimates are often smaller than those obtained from TEM or XRD because the latter tend
to misrepresent small crystallites and monolayers of MoS». As far as TEM is concerned,
only a small fraction of particles is visualized (those aligned with the electron beam), and
thus several hundred particles have to be evaluated to obtain a representative measure-
ment. That said, TEM is the only technique that also yields information on the particle

size distribution and the overall homogeneity of the sample.-%
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Figure 2.8. Structure of bulk MoS:2 analyzed by transmission electron microscopy (TEM) and
powder X-ray diffraction (XRD) (unpublished work by the author). (A) TEM of crystalline MoS:2
(high-temperature annealed). (B) TEM of poorly crystalline MoS: (from low-temperature synthesis
method as typically used for catalytic applications). Note the lower stacking degree and overall
higher disorder as compared to sample A (C). XRD patterns. The mean stacking degrees are
about 200 and 5 for sample A and B, respectively, and were determined by line width analysis&
of the (002) reflection.

The equilibrium morphology of pure MoS; layers is preferentially triangular under sul-

fiding conditions, i.e., when excessive S is present (Figure 2.9 A). In this case, the edges
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of the triangle are structurally uniform and preferentially expose the more stable “Mo
edge” around the whole perimeter.®” An additional type of termination, the “S edge”, is
formed when the triangle becomes truncated due to hydrogen adsorption (at low H>S/H»
ratio), presence of other atoms (promoters), or support interactions.*® It is important to
note that the edges are the key features of TMS catalysts, as the basal planes were shown

to be essentially inactive for hydrotreating reactions.?’%%-*/

(1010) Mo edge (1010) S edge

o m m -
0% S
(10T0) Mo 'eage m

Figure 2.9. Structure of MoS: layers. (A) Truncated MoS: layer terminated by Mo and S edges in
fully sulfided state (100 % S). The purely triangular shape of unperturbed MoS: (opaque)
preferentially exposes the Mo edge under typical sulfiding conditions. (B) Edge structures with
various S contents induced by different chemical potential of S during sulfiding (H2S/H2 ratio)
(adapted from ref. 87). Only the first row of Mo atoms with the closest S atoms is shown.

Extended X-ray absorption fine structure (EXAFS) studies of the Mo K-edge have
revealed that the environment of the average Mo atom in hydrotreating catalysts is similar
to that of well crystallized MoS..”>#? However, it was also shown that the structure at the
edge is distorted compared to the structure within the crystal (or monolayer).”* In general,
the edges of MoS; crystallites are highly dynamic structures and strongly influenced by
the reaction conditions, most importantly by temperature and the chemical potential of S
compared to that of H> (i.e., gas phase composition). Depending on the reaction con-
ditions, each edge type will exhibit a certain fraction of coordinatively unsaturated Mo
sites (CUS) and bridging S atoms that together enable hydrogenation reactions and
heteroatom removal. Because of this critical role in hydrotreating catalysis, the equi-

librium structures of the edges have been the subject of a great many studies.®”%%4%7

It is generally agreed that the S-coverage of the edges can be increased by adsorption

of H»S, whereas dissociative Hz adsorption and successive HoS desorption can lead to a
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desaturation of the edge (Figure 2.9 B). There is still some dispute concerning the stable
(equilibrium) edge configurations, but it is accepted that the Mo edge exhibits a higher
variety of S-coverages (0—100 %), while the coverage of the S edge is typically more
restricted (50-100 %). A combined experimental-theoretical study by Lauritsen et al.%”,
for example, has found that the Mo edge has two almost equally stable configurations
under sulfo-reductive conditions (H2S:H> =0.02—0.1). The first is fully saturated (100 %
S-coverage) and Mo is coordinated approximately as within the lattice. That is, there are
two exposed S atoms located close to the crystallographic S positions of MoS, (Figure
2.9, B). The second configuration is only half-decorated, with one bridging S between
two Mo ions (50 % S-coverage, Figure 2.9, B). The partially unsaturated edge states are
crucial for direct heteroatom removal because the exposed Mo cations act as adsorption

sites for S-, N-, and O-organic compounds.

2.3.3 Reactivity and active sites

2.3.31 The role of edge planes

In MoS> based catalysts, only a relatively small fraction of the accessible surface is
responsible for the total catalytic activity, just like in most other heterogeneous catalyst
systems. A more distinctive feature of MoS; is that its active sites exhibit a highly
anisotropic distribution which is directly linked to the structural peculiarities of this
material. As the basal planes do not expose any appreciable amount of potentially reactive
metal sites because of the closely packed S layers, the genesis and stabilization of active

sites is limited to locations at or near the edges.

Cutting J
—_—

Increased hydrogenation and
hydrogen exchange activity

Edges

Figure 2.10. Schematic drawing of the Tanaka experiment: Cutting a single crystal of MoS:2 along
its c-axis selectively increases its edge area and hydrogenation activity (adapted from ref. 89.)
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First evidence for the crucial role of the edge planes was obtained in the 1980s by

1.,59%% who used MoS; single crystals cut along the c-axis, i.e., perpendicular

Tanaka et a
to the basal planes (Figure 2.10). While having no effect on the basal plane area, cutting
along the c-axis substantially increased the edge area and at the same time the activity for
hydrogenation and hydrogen exchange reactions of olefins. Similarly, driven by the poor
correlation of activity with total surface area, Tauster et al.”’ showed that HDS activity
was associated with the edges only. This was achieved by exploiting the higher oxidation
sensitivity of the edge planes (as compared to the basal planes) to quantify their area via

O chemisorption.

2.3.3.2 Coordinatively unsaturated sites

Coordinatively unsaturated sites (CUS), often also referred to as “sulfur anion
vacancies” or simply “vacancies”, are considered to be the primary sites for the adsorption
of heteroatom bearing compounds. As such, they are especially important for the direct
extrusion pathways in HDS, HDN, and HDO (as compared to reaction routes that require
hydrogenation prior to C-X bond scission). The defining feature of CUS is an exposed
(accessible) metal cation with at least one S anion missing in its coordination sphere, so
that the reacting molecule can chemically bind to the Mo cation. The Mo cation acts as a
Lewis acid by accepting the heteroatom's free electron pair, thus weakening the C-
heteroatom bond.” The Lewis-acidic nature of the metal centers is nicely demonstrated
by their sensibility towards NH3 poisoning, which strongly suppresses direct S-extrusion
of DBT or similar compounds. This is considered as key evidence for the role of CUS as

active sites.”’

Direct extrusion of heteroatoms on CUS is likely to proceed according to a reverse

79.98-9% in which the vacancy is “filled” by the heteroatom

Mars-van-Krevelen mechanism,
of the reactant in the first step (Figure 2.11). C-S hydrogenolysis then occurs with the
help of adjacent sulthydryl (SH) groups that act as donors of dissociated hydrogen. The
desulfurized molecule then desorbs, leaving behind a sulfur-saturated site. In the last step
the vacancy is regenerated by dissociatively adsorbing H» and desorbing H»S, thus closing
the catalytic cycle. For HDN and HDO the steps are essentially identical, except for the

desorption products (NH3 and H>O, respectively).
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[ M} { Ml
. Regeneration
Partly sulfided Mo edge of vacancy Partly sulfided Mo edge

with S anion vacancy with filled vacancy

Figure 2.11. lllustration of catalytic HDS cycle following a reverse Mars-van-Krevelen
mechanism. %8 Note: Dissociative H2 adsorption and C-S hydrogenolysis by sulfhydryl (SH) groups
not shown. M: Mo or W.

Vacancies do not generally occur in an isolated fashion but may regularly expose more
than one metal ion at the edges (Figure 2.12). Multiple vacancies are favorable from a
steric point of view, as they facilitate access of bulkier molecules to the metal ion and
enable a wider range of adsorption geometries. For example, the parallel z-complexation
of binuclear aromatics (e.g., DBT) is expected to occupy more than one vacancy, whereas
perpendicular o-bonding could also occur on single vacancies (see section 2.2.2). As the
adsorption complex determines the preferred reaction pathway, an increased surface
density of CUS may thus not only increase activity but also influence selectivity. Among
others, exposed Mo pairs, “V-sites” and “corner sites” have been proposed in the literature
to account for reactions that are too sterically demanding for “regular” edge vacancies
(Figure 2.12).” It is important to note that the static situation depicted in Figure 2.12 may
be significantly altered under typical sulfo-reductive conditions. Extensive edge
reconstructions occur depending on pressure, temperature, the concentration of vacancies
(or, inversely, S coverage), the coverage with H adsorbates (SH groups), and even the size
of the nanocrystal.®”/%’ These rearrangements are aided by the significant mobility’?’ of
S atoms, which typically adopt bridging positions between Mo ions as the S coverage

decreases (as shown previously in Figure 2.9 B).
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Figure 2.12. lllustration of different CUS arrangements possible at the Mo and S edge (adapted
from ref. 4). Note that the illustrations do not account for the dynamic edge reconstruction
occurring under typical sulfo-reductive conditions and that the oxidation state of the exposed Mo
ions (formal Mo(1V)) may change accordingly. The “regular” edge vacancy referred to in the main
text is best represented by the structures in the second row.

2.3.3.3 Chemical probes for active sites

Several experimental techniques have been developed over the years to quantify
coordinatively unsaturated edge sites and many of these are based on the adsorption of
probe molecules, such as H>S, NH3, Oz, NO, and CO. Very often the adsorbed molecules
are analyzed via spectroscopic techniques like infrared (IR) to differentiate between the
typically multiple adsorbed species (physisorbed or chemisorbed). For such analyses,
however, the material has to be transparent to the incident radiation, which is generally
not the case for bulk sulfides.””” One reason is that the sulfide phase itself is a good
absorber of light in the IR region. The low specific surface area of bulk sulfides is also
detrimental for spectroscopic analysis, as the surface concentration of the probe molecule
will be accordingly low. Finally, it is extremely difficult to form mechanically stable and
sufficiently thin wafers from bulk sulfides. The information obtained from active site

titration on bulk sulfides is thus often limited to the total uptake of the probe molecule,

103 104

which may be determined gravimetrically’®”, volumetrically’””, or by monitoring the gas

7879 or desorption’’”. In some

phase concentration of the titrant during adsorption
situations also surface spectroscopic techniques like X-ray photoelectron spectroscopy

(XPS) may be applicable to quantify the adsorbed species.’”®
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Figure 2.13. Correlations of HDS activity and chemisorption capacity of unpromoted MoS:2
(reproduced from ref. 4). (A) Rate of dibenzothiophene HDS as a function of O2 uptake on
unpromoted MoSz. (B) Rate of thiophene HDS as a function of Oz (circles) and CO uptake
(triangles). (C) Rate of thiophene HDS as a function of O2 and NO uptake. The quantity “edge
sites” was calculated from Mo K-edge EXAFS data and represents the total concentration of Mo
edge atoms, i.e., CUS as well as saturated Mo ions.

Oxygen chemisorption (OCS) has been used extensively to characterize HDS catalysts
and good correlations were found between O: uptakes and the catalytic activity of
unpromoted MoS; (Figure 2.13).7/:103-104107 1t jg questionable, however, whether OCS
actually probes specific sites like CUS because the oxidation processes do not only affect
exposed Mo ions but also subsurface and deeper lying Mo ions.” Due to its selective
interaction with the edges,”’ OCS may therefore be rather an indicator for the general
dispersion of the MoS, phase. As the active sites are confined to the edges, a linear
relationship between activity and O uptake may still be obtained in a series of closely

related catalyts.”?

Just like OCS, nitric oxide chemisorption is another titration technique which has seen
wide application in the quantification of CUS, and some of these studies report a linear
relationship between NO uptake and activity (Figure 2.13 B, C).”%#%195-199 1t is suggested
that NO adsorbs as a dimeric (dinitrosyl) species on exposed Mo cations,’*-//? but there
may be differences depending on the location of CUS. A combined theoretical-

1. confirmed that the Mo edge is indeed dominated

experimental study by Topsee et a
by dinitrosyl species (Figure 2.14 D), whereas mononitrosyl species are dominant on the
S edge. The variable stoichiometry between probe molecule and adsorption site is of
course a limitation to the validity of NO uptake as a quantitative measure for CUS

concentration. Furthermore, it was shown that NO may not only adsorb onto existing
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vacancies but could also create vacancies itself via a “push-pull” mechanism.’” In this
situation, NO actively displaces S anions at the edge (Figure 2.14 A-C) and calculations
suggest a fully NO-substituted edge to be energetically favorable. This could mean that
NO uptake, just like O2, may rather reflect the general dispersion of the MoS» phase
instead of specific sites. However, it is important to note that this limitation of NO chemi-
sorption was observed under very specific conditions far from those used in hydro-
treating. Specifically, the push-pull mechanism was evidenced only after all S anions at
the edge had been converted to SH groups by exposure to atomic hydrogen. This is
probably not the case under typical HDS conditions, where the catalyst is exposed to

molecular hydrogen and SH groups are not formed independently from CUS./%

C
. m >
MoS, nanocrystal —  + atomic H 300 °C

(reference) +NO

Figure 2.14. Proposed adsorption structure and reactivity of NO with unpromoted MoS:2 edges
(adapted from ref. 199). (A) Au-supported MoS: reference nanocrystal, fully sulfided, as visualized
by scanning tunneling microscopy (35 x 35 A2). (B) Similar nanocrystal after exposure to atomic
H and, subsequently, to NO. The arrow indicates two adjacent dinitrosyl species as shown in
panel D. (C) Nanocrystal after heating to 300 °C. Arrows indicate newly created edge vacancies.
(D) Ball model, showing two adjacent dinitrosyl groups from different perspectives.

In view of the extensive surface rearrangements that may occur upon the adsorption of
NO and O, carbon monoxide has seen some application as a potentially less reactive
alternative.”/1° Compared to NO and O, it binds only weakly to MoS; and its adsorption
is fully reversible. However, the weak interaction requires CO adsorption to be performed
at very low temperature, whereas NO and O» readily adsorb at ambient temperature. CO
has also not seen such a wide use as NO in the study of supported MoS., partly because
its IR spectrum is more difficult to interpret. With respect to total uptakes, similar activity
correlations were found for the application of CO, NO, and O (Figure 2.13), suggesting
that the potential reactivity of NO and O> might not be too important after all.

It is not immediately clear why good chemisorption-activity correlations are found

using different probe molecules with very different adsorption properties. The nature of
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the information provided by each technique is most likely unique and the sites probed by
each molecule may not represent the same set, even though they probably overlap to a
significant extent.”” The fraction of sites probed by NO and CO, for example, is typically
somewhat smaller than for O> (Figure 2.13 B, C). It is also important to point out that the
sites probed by titration may not be exactly identical to those responsible for catalysis. In
both cases, the concentration and nature of sites is highly dependent on the pretreatment
and reaction conditions, which are typically vastly different for chemisorption and
catalytic test reaction (low and high temperature/pressure for chemisorption and catalytic
tests, respectively). It is thus not surprising that different correlations have been obtained
in the same experimental setting at low and high pressure’/? or after longer time-on-

stream’!”

. While the larger picture suggests that CUS represent a significant fraction of
the sites probed by NO, CO, and O, good activity correlations may result only within
series of closely related catalysts under condition that reaction and chemisorption para-
meters are kept fixed. This is normally the case for the experiments within one specific
study. Care should be taken, however, when generalized conclusions are to be inferred

from such results.

2.3.34 Sulfhydryl groups

In contrast to coordinatively unsaturated adsorption sites, the primary role of SH groups
is to provide dissociated (“active”) H» for hydrogenation and hydrogenolysis reactions.
SH groups are formed at the edges in close proximity to CUS, thus creating a favorable
situation for the supply of H to the adsorbed reactant. The formation of SH groups occurs
readily and H: activation on MoS: may be observed even at low temperature (e.g., in the
form of H>-D, exchange).””!!® Early direct experimental evidence for SH groups was

provided by Maternova’’?, who used silver salts to titrate SH groups on unpromoted Mo

1 118 1 120

and CoMo sulfides, as well as by Wright et al.”’® and Sundberg et al.”~”, who evidenced

SH groups via inelastic neutron scattering.

It has been debated whether the dissociation of H> occurs homolytically or hetero-
lytically on MoS: and, accordingly, SH group formation has been rationalized in different
ways.’?’ A recent proposal is shown in Figure 2.15. The fact that Mo hydride (H") species
have never been directly observed seems to be in favor of homolytic dissociation.

However, it is still possible that hydride species are transiently involved in H; activation.
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It was proposed that a transiently formed hydride may quickly react with an adjacent S
anion to form an additional SH group, while the excess electrons could either partially
reduce the exposed Mo>" cations or be delocalized due to the semiconducting properties
of MoS; (Figure 2.15 B).®” The structure resulting after H, dissociation would thus be a
vacancy exposing two Mo?" cations and two identical neighboring SH groups with only
weakly Brensted-acidic properties. Note that SH groups can also be formed by
dissociative H»S adsorption (Figure 2.15 A). In that case, due to electrostatic reasons, the
resulting SH groups are expected to be moderately Bronsted-acidic (i.e., proton donors).
This is supported by the observation that hydrocracking of n-dodecane on MoS2/Al>03
can be significantly enhanced by increasing H>S partial pressure during the sulfiding
stage.”?? Similarly, other workers’?/?* have demonstrated via IR spectroscopy of
adsorbed N-organic bases that H>S adsorption leads to a notable increase in the Bronsted
acidity of the sulfide phase. The dual nature of SH groups as hydrogen donors and
Brensted acids is nowadays well established, even though it should be noted that their
Bronsted acidity does not play a major role in most typical HDS, HDN, and HYD

reactions.’

Figure 2.15. Proposals for Hz activation and SH group formation on unpromoted MoS:2
(reproduced from ref. 8%). (A) Formation of SH groups by dissociative H2S adsorption on S
vacancy, followed by recombinative desorption of Hz. (B) Heterolytic Hz dissociation forming
transient Mo hydride species. The negative charge of the hydride may partially reduce the Mo
cations or could be delocalized due to the semiconducting properties of MoS:.

Like anion vacancies, SH groups are located at the edges, and thus a certain propor-

tionality of SH group concentration and the total number of MoS; edge sites can be
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8(),125-126’ and more

expected. Indeed, such correlations have been reported (e.g., refs.
recently in ref. /%) and some even suggest the existence of well-defined bifunctional sites,
1.e., CUS and SH groups occurring in a fixed stoichiometry. Because of this co-existence
it is, however, difficult to assess the kinetic importance of SH groups separately from that
of the anion vacancies. In fact, some of the reported correlations found for SH groups in
HDS reaction settings may rather reflect the importance of CUS. This is supported by the
inhibiting effect of H>S on HDS, which reduces the concentration of CUS but at the same
time increases the concentration of SH groups. It is therefore unlikely that the concen-
tration of SH groups is a kinetically limiting factor under most reaction conditions. Note
that the inverse (i.e., promoting) effect of H>S for other types of reactions (cracking) is
related to the increased Bronsted acidity created by dissociative H2S adsorption as
discussed above. Finally, it should be pointed out that a causal correlation of SH group
concentration and activity may be valid for reactions that do not primarily rely on CUS
as adsorption sites as recently shown by Luo et al.’% for the hydrogenation of phen-

anthrene.

°
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S edge corner
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au K 50 x 50 A2 4,6-DMDBT on brim

Mo edge corner

Figure 2.16. Scanning tunneling micrographs of DBT and 4,6-DMDBT adsorbed on triangular
model clusters of MoS2 (adapted from refs. 727-128) (A) DBT adsorption onto MoS2 corners. Top
ball model: S atom of DBT replacing lattice S atom of MoS:2 at the S edge corner, leading to short
Mo-S bond (~2.0 A) representative of chemical bonding. Bottom: Physisorbed DBT on corner S
atom of Mo edge corner (Mo-Sper bond length ~3.2 A). Arrows indicate regular edge vacancies
without adsorbates. (B) 4,6-DMDBT adsorbed onto “brim” (bright edge region). The white outlines
indicate the approximate position of 4,6-DMDBT, whereas the white arrows indicate edge
vacancies without adsorbates. Top ball model: Approximate position of the brim at the Mo edge.
Bottom: Suggested position of 4,6- DMDBT above the Mo edge brim.

2.3.35 Rims, brims, and corner sites

While the synergistic action of CUS and SH groups in direct S extrusion (DDS) is

generally acknowledged, there is still controversy about the nature of sites giving rise to
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the HYD pathway.’?*/?? This is particularly relevant for molecules that are sterically too
demanding for o-type (“plug-in”) interaction with Mo ions (see also section 2.2.2). In the
conventional two-site model, it is proposed that S extrusion of bulky molecules is
preceded by one or more hydrogenation steps occurring on a different type of site, where
adsorption is less sterically hindered than on regular edge vacancies (see Figure 2.12)./3
It was proposed that such sites may consist of ensembles of adjacent CUS as discussed
earlier, or could involve CUS in more exposed positions, such as those at the corners of
the slab.”//?7128131 In addition to the less severe steric constraints, corners seem to be
suitable adsorption sites as they are expected to have a higher probability for the for-
mation of adjacent vacancies.’’” Using scanning tunneling microscopy (STM) of MoS:
model clusters, it was shown that corner vacancies may indeed chemisorb DBT and that
corner adsorption was even more preferable than on regular edge vacancies (Figure 2.16
A).727128 However, the bulkier 4,6-DMDBT could not be observed in any of these
locations. It was thus concluded that there must be sites other than corners or edges for

the adsorption and activation of the larger and more refractory S compounds.

Further investigations revealed that those molecules could be adsorbed in a flat-lying
configuration at the so-called “brim”.”?”-/?% This region just within the edges of the basal
planes can be observed in scanning tunneling micrographs in form of a bright stripe or,
more exactly, as a protrusion of about 0.5 A on top of the slab (Figure 2.16 B). Compared
to the semi-conducting interior, the brim exhibits a metallic character, i.e., it has a high
local density of electronic states at the Fermi level, allowing electrons within this region
to participate in metal-type interactions (e.g., 7-bonding). Within this line of argument, it
is proposed that the brim regions (rather than CUS) are the primary adsorption sites for
bulky aromatics (with or without sulfur), while hydrogen addition is still performed by
conventional SH groups in close proximity. It is not clear whether these one-dimensional
metallic states are also present in bulk (i.e., multilayer) systems because all of the experi-
mental evidence is based on single layer model catalysts. If applicable, however, it would
mean that only the top and bottom layers of multilayer MoS, may participate in the
hydrogenation of large molecules. This is somewhat in contrast to the often observed

superior hydrogenation performance of bulk sulfides.?#/3%-/33
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Figure 2.17. The rim-edge model (adapted from ref. 734). (A) Stack of MoS:2 slabs (represented as
discs) exposing “rims” and “edges” at the top/bottom layers and intermediate layers, respectively.
Flat adsorption, leading to hydrogenation (HYD), is only possible at the rims due to steric
constraints at the regular edges. Perpendicular bonding, leading to direct S extrusion (DDS)
occurs at both rim and edge sites. (B) HYD/DDS ratio as a function of stacking height (determined
by XRD line broadening of (002) reflection).

The distinct role of the top and bottom layers in stacked MoS; is a well-established
concept that significantly predates the idea of brim sites. It is typically referred to as the
“rim-edge” model (Figure 2.17 A)./3*73> While the brim site model claims electronic and
geometric effects to be responsible for the improved hydrogenation capability of the top
and bottom layers, the rim-edge model is a purely geometric (steric) approach. It is also
perhaps the most widely applied concept for rationalizing the structure-dependent
selectivity of MoS; based catalysts. Based on selectivity measurements on differently
stacked MoS,, it was observed that the edges of the top and bottom layers (“rims”
contribute much more to the hydrogenation of DBT than the edges of intermediate layers.
A mathematical model was developed, in which the DDS/HYD ratio was successfully
correlated with the stacking height, while the extension parallel to the basal planes did
not have any effect (Figure 2.17 B). It was proposed that the reduced HYD activity of the
sandwiched edges was the result of steric hindrance induced by adjacent layers and
neighboring S anions within the same layer. In this respect, rim sites are believed to allow
both perpendicular (o-type Mo-Sper bond) and flat adsorption modes (aromatic z-
complex), leading to direct S-extrusion and hydrogenation, respectively. Regular edges,
on the other hand, are sterically too crowded to accommodate aromatic reactants in a flat

configuration and may thus only exhibit DDS-type reactivity.
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Despite its exact mathematical formulation, the rim-edge model is generally only used
to qualitatively correlate selectivity with catalyst structure. This is mainly due to the
difficulties in precisely determining the dimensions of MoS» crystals in real (i.e., non-
model) catalysts, which are often poorly crystalline, highly disordered materials (“rag
structure”).>/'33%% Quite often it is also applied indifferently to promoted and supported
systems, even though its use might not always be justified.’’/?/35-140 Finally, it should
be stressed that this purely geometric approach does not make any claims about the
electronic nature or structural configuration of the active sites themselves (except for their
location). At the time it was developed, it was already clear that defects leading to coordi-
native unsaturation played a key role in hydrotreating catalysis, and thus it was simply
concluded that the reactivity of rims and edges relied on CUS with different steric limi-
tations (due to their different locations). The additional electronic effects discovered later
on, most importantly brim sites, are now considered a compatible extension of this early

geometric model.’?*

2.3.3.6 Type-l and Type-lIl sites

Additional differentiation mechanisms of active sites were observed in connection with
alumina supported sulfides, i.e., the so-called Type-I and Type-II sites.”*”/# Type-I
reactivity is exhibited by edge sites of single-layer sulfides, as well as the bottom layer of
stacked sulfides (i.e., those anchoring the sulfide to the support). These sites interact
strongly with the support, possibly via Mo-O(S)-Al linkages, which are considered to be
responsible for stabilizing highly dispersed sulfides under HDS conditions. However, this
kind of interaction will also result in less covalent and stronger metal-sulfur bonds, which
in turn leads to lower activity by hindering vacancy formation. This is particularly
detrimental for S-extrusion reactions (see also section 2.3.3.2).”# By contrast, the more
active Type-II sites are formed when Mo-O(S)-Al linkages are broken upon high-
temperature sulfiding, which is also typically accompanied by sintering and increasing
stacking degree (i.e., decreasing dispersion). Because of this negative side effect, there
have been efforts to create Type-II sites without high-temperature treatment, for example,
by using additives, such as phosphorous.’# Type-II sites are also typically formed in
sulfides supported on weakly interacting materials (e.g., carbon) or in unsupported

sulfides, which, by definition, only exhibit Type-II sites.
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2.34 Promoted catalysts

2341 The promoter effect

In the context of hydrotreating, the term “promoter effect” is used to refer to the
synergistic enhancement of activity in multi-metallic TMS. Promotion occurs when one
ore more promoter metals (iron-group metals, typically Co or Ni) interact with the base
metal (Mo and/or W) to give a new TMS phase of much higher activity than the physical
mixture of the same monometallic sulfide phases. The promoting effect may be quantified
by comparing the activity of the unpromoted catalysts (MoS>, WS») with that of the
promoted system. In thiophene HDS, for example, the promoting effect of Ni (Co)
typically leads to a rate enhancement by a factor 10-30 (Figure 2.18 A), but it should be
noted that the observed promotional behavior depends on a multitude of parameters, most
importantly, the studied catalyst system, the reaction conditions, and the test reaction
itself (Figure 2.18 B). The basis for rate normalization (mass-, atom- or surface area) can
also have a great impact on such comparisons. Despite these complications, there seems
to be a universal maximum of activity found at a promoter content of approximately 0.3

to 0.5 (total metals base).’#

The phenomenon of promotion is well-known throughout technical heterogeneous
catalysis. A prominent example is the Haber-Bosch process for ammonia synthesis, where
tiny amounts (few percent) of K>O, CaO, and Al,O3 act as electronic and structural
promoters of the a-FeO phase.’*” In hydrotreating catalysts, the role of the promoter is
somewhat different: In this case, in addition to being an electronic and/or structural modi-
fier, the promoter is often also a major constituent of the catalyst, with a content typically

in excess of 30 at% (total metals basis).

The first descriptions of a synergistic interaction between Mo and iron-group metals
were published in the 1920s shortly after the introduction of MoS;-based hydrotreating
catalysts.’#*-!# However, it was not until much later that the first systematic investigations
appeared in the literature and the term “promoter effect” became used in connection with
hydrotreating catalysts in 1959.7°" In the following years, there was hardly any need for
significantly optimizing the available catalyst technology and, accordingly, fundamental
understanding of the promoter effect never really caught up with the important role it

already played in industrial hydrotreating. Beginning approximately in the 1970s,
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however, a series of developments drastically changed this “comfortable” situation, when
the first oil crisis, as well as the increasing withdrawal of light fractions for petro-
chemicals and fuels, led to an increasing shortage of raw material. To make up for these
deficits, it became necessary to also convert the heavier fractions, i.e., the “bottom of the
barrel”, which contained the most refractory compounds in the highest concentrations.”3!
At about the same time, also the first environmental regulations concerning fuel quality
were put in place. The resulting need for more active, selective, and stable catalysts
sparked new research interest in the field of hydrotreating catalysis in general and the
promoter effect in particular. This development was further assisted by the introduction

and increasing availability of a number of powerful analytical techniques, such as EXAFS

and high resolution TEM.
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Figure 2.18. lllustration of the promoter effect. (A) Thiophene HDS activity of selected binary and
ternary TMS relative to unpromoted MoS: as a function of M-S bond energy (adapted from ref. 157).
The promoter metal sulfides (e.g., NisS2, CosSs, not shown here) have a relative activity of
typically <1 and are found at the left end of the bond energy scale (i.e., Eus of less than approx.
120 kd/mol). (B) Promoter effect for thiophene HDS under various reaction conditions as a
function of promoter metal content (reproduced from ref. 4): (a) unsupported Ni-WS2, (b)
unsupported Ni-MoSz, (¢) Co-MoS2/SiO2, (d) Co-MoS2/Al203, (e) unsupported Co-MoS:.

2.3.4.2 Models of promotion

A remarkable variety of models have been suggested in order to explain the promoter
effect of group VI metals (Co, Ni, Fe) on group VIII metal sulfides (MoS,, WS>). From
about 1970 to the mid 1990s, the hydrotreating community had produced roughly 30
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different proposals?, most of which fell into one or more of the following general

categories:

— Structural enhancement of the base metal sulfide by the promoter, leading to a
greater number and/or stability of the original active sites (e.g., “Monolayer
model”)

— Promoter metals as active sites with much higher intrinsic activity than the
original sites in MoS; (e.g., “Co-only model”)

— Synergy between sulfide phases, i.e., promoter metal sulfides “assisting” but not
modifying the original active sites (e.g., “Contact synergy model”)

— Formation of a bimetallic sulfide phase, leading to the formation of new active

sites different from those in the monometallic sulfides (e.g., “Co-Mo-S model”)

This multitude of views, differing in such crucial aspects as the location, local confi-
guration and mode of action of the promoter, was a direct result of the difficulties in

characterizing TMS and the inability to establish firm structure-activity correlations.

Before proceeding with the discussion of individual promotion models, it is worth
noting that much of the fundamental work on promoted sulfides was performed using Co-
promoted MoS,. While the primary reason was most certainly the predominance of Co-
MoS; among industrial HDS catalysts of the era, it was also extremely helpful for
researchers that Co, in contrast to Ni, could be analyzed with Mdssbauer emission
spectroscopy (MES) by doping the catalyst with >’Co isotope.’?? Even though rarely used
today, MES is one of the few characterization techniques that can be applied in-situ to
obtain direct information about the chemical state of promoter atoms. That said, it is
generally acknowledged that promotion by Co and Ni involves the same basic principles,

even though substantial differences may exist on a quantitative level.
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Figure 2.19. Structure of promoted MoS2 and models for promotion. (A) Schematic representation
of supported Co-MoSg, with Co atoms in the support (“Co), segregated Co sulfides (“Co9Ss”, other
compositions possible), and bimetallic “Co-Mo-S” phase.’® A similar situation is encountered in
Ni-MoS:. (B) lllustration of various proposals for promotion (exemplary for Co but also valid for
Ni). Contact synergy model: Hz activation on segregated promoter sulfides and H migration to
MoS:2 phase. Bulk intercalation: promoter metal atoms between MoS: layers. Pseudo inter-
calation: as in bulk intercalation, but promoter metal atoms intercalated close to the edges of the
layer. Monolayer model: promoter atoms in the support modify the behavior of MoS2 monolayer
on top of the support.

One of the earlier structural proposals for promoted Co-Mo sulfide was the so-called
“Monolayer” model (Figure 2.19 B).?’ Here, promotion is attributed to the presence of
Co ions in the support, which are thought to primarily increase the number of active sites
(Mo>" ions) and, secondarily, to stabilize the supported MoS, monolayer. A direct partici-
pation of the promoter in the HDS reaction is not implied and neither is the formation of
new types of sites more active than those already present in unpromoted MoS,. The
monolayer model was soon discarded after realizing that the observed stoichiometry
pointed to a mixture of MoS: and Co9Sg rather than the MoS;x stoichiometry required for
the monolayer model.”*’ The monolayer model also fails to account for promotion in bulk

Co(N1)-MoS,, where multiple layers are stacked upon each other without a support.

The observation of segregated CooSg crystallites was the basis for another interpretation
of the promoter effect referred to as the “Contact synergy” or “Spill-over” model (Figure
2.19 B).#/:13%133 In this model, CooSs crystallites are in close contact with the MoS; phase
and the two separate phases act together synergistically. Evidence in support of this theory
comes from experiments on physical mixtures of unsupported Co9Sg and MoS: (both
stable under HDS conditions’*), where the mixtures show higher activities than the pure
compounds. The HDS reaction is suggested to take place at the interface of the two
phases, with MoS: providing the adsorption site for the reactant and nearby Co9Sg gene-
rating dissociated H>. The active hydrogen species then spill over from the Co sulfide to

the MoS; phase via surface diffusion and create reduced Mo centers, which are assumed
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to be the true active sites for desulfurization. This kind of interaction has also become
known as the “Remote control” mechanism, relating to the ability of CoSg to remotely
determine the activity of MoS, without directly participating in the reaction itself. While
initially popular, the contact synergy model has now been largely discarded as the single
most important mechanism for promotion. In addition to the lacking experimental evi-
dence for H migration from Co¢Sg to MoS., it could be shown that promotion occurs also
in catalysts that are essentially devoid of Co9Ss as indicated by the absence of character-
istic MES signals.”?” That said, contact synergy between monometallic sulfides may still
contribute to the promoter effect as a minor component. Some have argued that the
concept of contact synergy should be viewed within the frame of a bigger picture, i.e., as
the middle regime in a “synergy continuum”, where one extreme is given by a Co(Ni)-

promoted MoS; phase and the other by a Mo-promoted Co(Ni) sulfide phase.5”/%

Alternative theories have argued that the primary role of Co(Ni) is simply to act as a
structural promoter by increasing the dispersion of the MoS: phase.””*// According to
this view, the presence of promoter atoms inhibits growth parallel to the basal plane and
thus favors the formation of edge planes, thereby leading to an increased number of the
original active sites (without increasing the intrinsic activity). In this context, it was also
suggested that Co(Ni)-induced defects may change the morphology of MoS: (e.g., ratio
of rim and edge sites), thus selectively promoting hydrogenation pathways. While such
purely structural effects may be involved in promotion, it is almost impossible to isolate
them from non-structural effects. That is, it is difficult to exclude any further influence of

the exposed promoter atoms in addition to terminating the edge.

The majority of the models presented so far share the common idea that promoter and
base metal (sulfides) form separate entities without direct chemical interaction. In contrast
to that, it was also proposed that Co(Ni) atoms can be absorbed into the Mo(W)S> phase,
where the former occupy octahedral positions in the van-der-Waal gap between two S-
Mo(W)-S layers. This theory became known as the “intercalation” model.’®* It was shown
later, however, that intercalation of Co or Ni in ideal MoS; or WS> crystals is energetically
impossible and the model was subsequently modified such that intercalation was re-
stricted to the more favorable edge region of the slabs (“pseudo-intercalation” model;
Figure 2.19 B).”% In this case, the promoter effect was attributed to a Co(Ni)-induced

surface reconstruction at the edge resulting in an increased concentration of Mo>" edge
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ions. Again, the original active sites are only modified in number while keeping the same

intrinsic activity as in the unpromoted catalyst.

A completely different understanding of the promoter effect was based on the obser-
vation that Co alone, when supported on carbon, can achieve similar intrinsic HDS
activities as Co-promoted MoS,./%% In this “Co only” model, the promoter atoms are
thought to be the real active sites, whereas MoS; is regarded as an inert support serving
to disperse the much more active Co atoms and, if supported on alumina, to separate Co
from this (secondary) support. This line of argument was deduced from similarities in the
MES signals of Co/C and Co-MoS,,’% and from experiments with highly dispersed Co,
Ni, and Mo sulfides in zeolites,’® which showed extremely high activities in absence of
a real synergetic effect. Others have argued that these results, while interesting, may not
be used to explain the properties of Co-MoS> catalysts, as the similar spectral features in

MES were not obtained in-situ, or under conditions different from those used in HDS./#

Considering the great number of experimental observations it is hardly surprising that
no one has been able to reconcile the different views on promotion in a universal model.
While it is certainly possible that more than one of the described scenarios contributes to
promotion in typical HDS settings, it is also fair to assume that some of the discrepancies
result from differences in catalyst formulation, reaction and characterization conditions,
as well as synthesis and pretreatment protocols. The wealth of different test reactions used
to assess the activity of TMS is another major factor for the inability to draw universal
conclusions. On the characterization level, it is particularly the co-existence of promoter
atoms in different phases in the same catalyst that often leads to disagreement between
studies. Also, many analytical techniques are simply unable to provide true in-situ infor-
mation about the highly dispersed irregular structures thought to be responsible for much

of the activity of TMS.

2.3.4.3 The edge decoration model

It is nowadays widely accepted that the single most important promotion mechanism
involves the formation of a so-called “Co-Mo-S” phase, in which Co atoms decorate the
edges of the MoS: slabs as shown in Figure 2.19 A.”*> While first evidenced in connection

with Co-MoS; catalysts, such structures appear to be quite general and analogous phases
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were found also in Ni- and Fe-promoted Mo(W)S: (e.g., Ni-W-S7%7). The Co-Mo-S or
“edge decoration” model is structurally not all that dissimilar from the earlier pseudo-
intercalation model, with the difference that the promoter atoms reside directly on the slab
edges (instead of in-between) and are chemically bonded to the base metal sulfide. The
latter is a fundamental difference, which has important implications on the reactivity of
the Co-Mo-S phase. Key evidence for the in-plane location of promoter atoms was
provided by IR spectroscopy of adsorbed NO on sulfided Co-MoS>/Al,O; and
Ni-MoS2/AlLO;5 (Figure 2.20)./10168-170 Qpecifically, it was found that the intensity of
NO-Mo and NO-Co(Ni) bands changes inversely when the concentration of the promoter
is varied. This was interpreted as Mo edge sites becoming increasingly covered (or substi-
tuted) by Co(Ni) as the promoter concentration increases. As pointed out earlier, there
seems to be a universal optimum for the promoter concentration, which is found at a
Co(Ni)/metals ratio of roughly 0.3 to 0.5 (see section 2.3.4.1).%6 Note, however, that this
bulk concentration is not necessarily related to the degree of edge decoration. As the edges
make up only a small portion of all metal atoms, full edge decoration may be already

reached at a much lower promoter concentration (see also section 2.3.5).
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Figure 2.20. Coverage of Mo edge sites by (A) Ni or (B) Co atoms at increasing loading as
evidenced by infrared spectroscopy of adsorbed NO (adapted from ref. 79),

Co-Mo-S structures have been observed in supported and bulk sulfides, as well as in
single and multilayer structures. The existence of a Co-Mo-S phase was established by
combining activity measurements with various analytical techniques; in particular, in-situ
MES, EXAFS, and IR spectroscopy of adsorbed NO./6:110.144146157 More recent
investigations into the nature of the Co-Mo-S phase include also advanced microscopic

techniques, as well as computational approaches.””/?17-173 [t is important to note that
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the Co-Mo-S structure is not a single chemical phase in the conventional sense but rather
a family of structures with a wide range of Co(Ni) concentrations, ranging from pure
MoS; up to virtually full coverage of the MoS» edges by promoter atoms. In addition to
the Co-Mo-S phase (or an equivalent Ni-Mo-S phase), segregated sulfides of Co (Ni) are

typically present (see also section 2.3.5).

Even though they share some common features, Co-Mo-S and Ni-Mo-S phases also
exhibit important structural differences, which may be responsible for their different
catalytic behavior. Both elements substitute Mo at very specific edge sites, leading to a
truncation of the otherwise preferentially triangular MoS; shape (see also section 2.3.2).
Combined microscopic evidence and simulations evidence a strong preference for Co to
substitute Mo at the (1010) S edge only.””? The almost regular hexagonal morphology
found for Co-Mo-S clusters was attributed to this selective incorporation pattern, in which
unpromoted (1010) M edges and fully Co-promoted (1010) S edges are exposed in
roughly the same proportion. Ni, by contrast, seems to be able to adopt positions at the
(1010) M edge as well, especially in smaller clusters. The more diverse incorporation
pattern was associated with additional slab terminations (e.g., (1120) edges), leading to
an overall more complex slab morphology (e.g., dodecahedral). It is not exactly clear to
which extent the different edge arrangements in Ni- and Co-Mo-S contribute to

differences in catalytic behavior.””

Figure 2.21. Schematic structure and local environment of Ni atoms at the MoS: edge. (A) Five-
fold coordinated, tetragonal pyramidal NiSs entity as evidenced by EXAFS. The S atoms assigned
to the NiSs unit are highlighted in yellow (white spheres: S; black spheres: Ni; hatched spheres:
Mo; adapted from ref. 9). (B) View from top of slab showing the “retracted” position of Ni compared
to regular Mo lattice (legend: see (A); concentric circles indicate S atoms on top of each other;
adapted from ref. 774). (C) View onto slab edge showing distortions of the S atoms associated with
Ni as compared to the regular lattice positions in pure MoS2 (legend: see (A); adapted from
ref. 174).

Based primarily on EXAFS results, it was shown that the promoter atoms reside in five-

fold coordinated sites of tetragonal pyramidal-like geometry with a Co-S (Ni-S) distance
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of approximately 2.21 A and a Co-Mo (Ni-Mo) distance of about 2.85 A (Figure
2.21).6992174-176 These results allow for some important conclusions: The Co-S (Ni-S)
distance is significantly and consistently shorter than that of Co (Ni) sulfides, indicating
that the promoter atoms must be contained in an other phase. This is in good agreement
with the Co-Mo-S model, in which the promoter atoms and the base metal sulfide are
chemically associated and form a new bimetallic sulfide (see also section 2.3.5). The
Co(Ni)-S distance of 2.21A is also significantly shorter than that of Mo-S in MoS;
(2.41 A). Accordingly, while the promoter atoms are located in the same plane as the Mo
atoms, the edge structure with the promoter atoms must be somewhat distorted compared
to the MoS; phase farther within the layer. That is, the promoter atoms are positioned
close to but not exactly on Mo lattice positions. This is also supported by the Co(Ni)-Mo
distance of approximately 2.85 A, which is significantly shorter than the intralayer
separation of Mo atoms (about 3.16 A). More recent experimental investigations on bulk
sulfides such as those presented in chapter 2 of this thesis have confirmed the earlier

results that were primarily obtained with supported sulfides.

It is important to note that the above coordination geometry, just like the structure of
MoS; edges in general, is not static but rather highly dependent on the reaction conditions.
While the five-fold, tetragonal pyramidal-like coordination seems to be the normal case
under sulfiding conditions, it was shown that reductive or sulfo-reductive conditions lead
to the formation of four-fold coordinated, square-planar CoS4 or NiS4 units.’”# Theoretical
calculations, on the other hand, suggest that the most stable structure of four-fold
coordinated promoter species should be actually tetrahedral under typical HDS
conditions, hence leading to much stronger distortions of the edge than anticipated from

EXAFS results.’”?

Due to the “averaging” nature of EXAFS (and many other analytical techniques) it is
often not possible to distinguish more than one type of configuration for the promoter
atoms in one catalyst. However, it was found that such variations occur, for example, as
the simple result of different promoter locations along the MoS» edge (in analogy to the

“corner” and “regular” sites depicted in Figure 2.12 for unpromoted MoS,)./”” Lateral

146,157

Co-Co (Ni-Ni) interactions at high edge decorations, as well as variations in sulfur

178-179

coordination due to varying gas phase composition may also lead to deviations from

the idealized, static picture described above.
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2.3.4.4 Periodic trends and electronic effects

Much of what has been said on the reactivity and the active sites of unpromoted MoS>
(see section 2.3.3) also applies to promoted catalysts. Coordinatively unsaturated sites, in
particular, are believed to be essential for S-extrusion reactions in both unpromoted and
promoted TMS. Accordingly, one way to explain the enhanced activity of promoted
sulfides is to assume that the promoter atoms in Co-Mo-S structures simply labilize the
metal-sulfur bonds, thus enhancing the ability to create and stabilize CUS./?178.180-181 TR
studies of adsorbed NO have indeed shown that the average M-S bond strength in
Co-Mo-S is reduced compared to MoS,.””? The corresponding “reduced” (coordinatively
unsaturated) and “oxidized” Co-Mo-S structures have been evidenced directly, for
example, via MES.’%? In agreement with these early results, numerous recent studies
similarly report that the incorporation of promoter atoms leads to an increased

concentration of CUS. 785%183 In contrast to this emphasis on CUS “quantity”, others have

defended the notion that the promoter atoms mainly affect the “quality” of CUS.%184-156
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Figure 2.22. Periodic trends of monometallic and bimetallic TMS. (A) Model by Pecoraro and
Chianelli®2 correlating HDS activity with metal-normalized M-S bond strength (reproduced from
ref. 122). Note how especially Mn does not follow the general activity trend. (B) Model by Harris
and Chianelli (reproduced from ref. 784). Experimental HDS activity (lines) of monometallic TMS
in agreement with calculated activity descriptor (symbols). (C) Analogous model for bimetallic
TMS (reproduced from ref. 765). (D) Bond energy model, correlating S-normalized bond strength
of monometallic TMS with their HDS activity (reproduced from ref. 22),
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There has been some success in addressing these issues by analyzing trends in activity
of different metal sulfides (alone or in combination) in dependence of their position in the
periodic table (extensively reviewed in refs. /°//%%). This systematic approach is clearly
led by the hope that a meaningful pattern might emerge which is correlated to the proper-
ties of the metals’ valence electrons. Not only do such findings help to identify the elec-
tronic parameters relevant for hydrotreating catalysis, but they can also provide rational

guidelines for the design of new catalysts.

An early account of such periodic trends was brought forward by Pecoraro and
Chianelli,”” who systematically studied bulk monometallic TMS of the first, second and
third row in the HDS of a model compound (DBT). Their main result was a “volcano-
type” curve, obtained by plotting the metal-normalized activity against the metals’
periodic position. They also noticed that the heat of S adsorption, approximated by the
enthalpy of formation of the bulk sulfide, correlated well with activity data. This was
interpreted in terms of the Sabatier principle,’®” in which a too strong heat of adsorption
leads to “reactant poisoning” of the surface, whereas a too low heat of adsorption leads
to insufficient interaction (activation) of the reactant with the metal (i.e., too strong M-
Spet bond and too weak M-Spget bond, respectively). According to this reasoning, an
optimal HDS catalyst should have a moderate heat of adsorption for the organic substrate.
However, this intuitive understanding fails to account for the behavior of the first-row
transition metals and particularly for Mn, which is by far the least active despite its
calculated optimal heat of adsorption as shown in Figure 2.22 A. While initially promis-

ing, it was thus concluded that such a crude approach, based solely on the heat of adsorp-

tion, could not fully explain the observed trends.

In a later set of studies, Harris and Chianelli’%*/%’

employed a more refined approach.
Instead of simply using the heat of adsorption as an “activity descriptor”, they calculate
an empirical parameter, which is based on the electronic properties of charged octahedral
MSs" and MoMSe™ clusters. The new descriptor accounts for the number of d electrons
in the highest occupied molecular orbital (HOMO), the degree of covalency (the degree
of metal-sulfur d-p interaction) and the covalent bond strength. This results in a much
better fit of the experimental activities of monometallic sulfides (Figure 2.22 B). In the

bimetallic case, it was found experimentally that Co and Ni have a significant promoting

effect on bulk MoS,, whereas the effect of V, Cr, Mn, Fe and Zn is little (Cu even shows
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a negative influence). This was interpreted as an electronic effect of the promoter atoms
on the electron density of the Mo atoms, with Co and Ni being able to donate electrons,
and Cu having a tendency to withdraw electrons from Mo. It was concluded that the
number of 3d electrons of the promoter and their orbital energies have the largest influ-
ence on the activity of the bimetallic TMS. Specifically, it was argued that the increased
number of d electrons, formally associated with Mo, leads to a stronger binding of the
heterocyclic ring sulfur, further weakening the C-S bond via z-backdonation from the
metal. The experimental and theoretical results are in good agreement (Figure 2.22 C),
but the approach has been criticized because of the crude approximation of a working
HDS catalyst by an octahedral non-neutral cluster. The other main criticism is the purely
empirical (i.e., non-rational) construction of the activity descriptor: Even though it
follows the activity trend, it cannot explain why this specific combination of parameters
should be so important for HDS. From a thermodynamic point of view, the most appro-
priate descriptor would be a well-defined free energy of adsorption, but this would require
solid surfaces that are accordingly well-defined — a situation which is rarely found in real

catalysts.

In an attempt to circumvent these shortcomings, Nerskov et al.”??%’ developed what
came to be known as the “bond-energy model” (BEM). Here, the important parameter is
the average binding energy of one S atom, which differs from the earlier model of
Pecoraro and Chianelli by normalizing the binding energy on the S atom instead of the M
atom. Furthermore, in contrast to the earlier model by Harris and Chianelli, the activity
descriptor is now a single parameter whose relevance for HDS can be directly rationalized
(instead of using an “arbitrary” combination of parameters of little informative value). In
brief, the BEM reduces the activity of TMS on their ability to form and stabilize S
vacancies in inverse proportion to their average M-S bond strength (on a sulfur basis).
Accordingly, there is no optimal bond-strength: the weaker the M-S bond, the higher the
propensity to lose an S atom and the higher the concentration of CUS (Figure 2.22 D).
Notice that this is in stark contradiction to the Sabatier principle as invoked in the earlier
models, and that sulfur coordination, as well as crystal structure, are not taken into

account.

Thanks to advances in computational chemistry, Toulhoat and Raybaud et al.”*5-/%? have

been partially successful in reconciling these differing views on the electronic nature of
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promotion, i.e., bringing together the Sabatier principle (effect on “site quality”’) and CUS
concentration (effect on “site quantity”’). By using the concept of cohesive energy, which
is based on the energy of atomization instead of the heat of formation, a much more
realistic estimate of M-S interaction is obtained. Most importantly, these activity descrip-
tors are able to account for changes in both the quantity and the quality of CUS arising
from incorporation of promoter metals into the MoS> edges. Indeed, both factors appear
to be relevant for catalysis and neither of these alone may be able to account for differen-
ces in activity between promoted and unpromoted sulfides. It is typically found, for
example, that bulk Ni-MoS; is more active than supported MoS2/Al>O3, even though the
latter may have a higher concentration of CUS due to the much higher dispersion of the
active phase.’® If it were just for the concentration of CUS, the inverse outcome would
be expected. Similarly, the fact that Cu-induced weakening of M-S bonds leads to a higher
propensity for CUS formation but not to higher activity, implies that the promoter’s

influence on the quality of the sites has also to be considered.’%’

Despite the significant progress made by analyzing periodic trends, it is questionable
whether this knowledge will directly lead to the development of substantially improved
catalysts. First, the most effective metal combinations for TMS are most likely already
known. Accordingly, the approach of “chemical interpolation” of single sulfide properties
to find multi-metallic TMS of superior activity may therefore be of limited success.
Second, the optimal composition as predicted by such an approach might not be syntheti-
cally accessible or simply not stable under the relevant reaction conditions. Nevertheless,
the periodic approach has contributed significantly to a better understanding of the elec-
tronic nature of active sites in TMS in general and, in particular, in promoted sulfides.
The knowledge of the electronic situation at the level of a single site is one more step

towards a reliable formal model of the kinetics of catalytic reactions on TMS.

2.35 Segregated promoter metal sulfides

2351 Origin and structure

Promoter metals in multimetallic TMS can exist in different forms in one and the same

catalyst (see examples in Figure 2.19). The most prominent and perhaps most debatable
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representatives of this group are the monometallic promoter metal sulfides, such as NizS»
or CooSsg, which are often simply referred to as “segregated” sulfides. Their ubiquity in
both bulk and supported TMS has led to divergent conclusions regarding their relevance
for hydrotreating catalysis. While often merely considered an “eye-catching” inactive
feature, some have argued that segregated sulfides may contribute to -catalytic
hydrotreating reactions; either directly as active phases in their own right, or indirectly in

connection with the contact synergy model (see also section 2.3.4.2).5¢:/%
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Figure 2.23. Ni-S phase diagram (reproduced from ref. 797). Several different forms of Ni sulfide
are thermodynamically stable under typical hydrotreating conditions (i.e., approx. 300-400 °C).
Segregated sulfides can represent a considerable fraction of the promoter metal atoms
in TMS catalysts. For example, up to 85 % of Co was found to be present as Co9Sg in a
series of model Co-MoS; catalysts.”>” NiSx contents can be similarly high, typically 30—
50 % of the total Ni present,””” with some estimates even higher than that (see, for
example, chapter 4 of this thesis). It is generally accepted that Co-MoS; catalysts typically

HO157 whereas Ni forms a whole

exhibit only one form of segregated Co sulfide, CooSs,
palette of different sulfides that are thermodynamically stable under typical hydrotreating
conditions (Figure 2.23).”°/ Ni3S,, NisSs, and NiS are among those most frequently found
in fresh or spent Ni-Mo$S; catalysts,® /83192 while Ni3S4, NizSs, NiS, are reported less

frequently.’3¥153:193 Al of these compounds are well-known in their bulk form, as they
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also exist in the form of naturally occurring minerals (e.g., NiS: millerite; Ni3Sz2: heazle-

woodite; CooSg: a rare form of pentlandite).

The formation of segregated Co(Ni) sulfides may occur via different mechanisms and
at different stages during the lifetime of a hydrotreating catalyst, that is, precursor
preparation, sulfidation, and finally operation in the reactor. Regarding the precursor
stage, a simple “overloading” of the oxidic precursor with Co or Ni salt, as well as
inhomogeneous mixing or impregnation may lead to promoter-rich domains that are
retained throughout subsequent sulfidation. This carry-over of the precursor’s elemental
distribution is a well-known phenomenon. In one MES study, for example, it was shown
that Co304 species in the calcined precursor are selectively converted to CoeSs.””” Apart
from inadequate preparation protocols, segregation is typically induced during the
sulfiding and reaction stage, in which the extent of segregation and the nature of the
segregate are affected also by other factors in addition to stoichiometry and material
distribution. In particular, temperature, gas phase composition, and time on stream have

to be considered.

2.35.2 Thermodynamic and kinetic aspects of segregation

Segregation of Co(Ni) from Mo(W)S, edges is a thermodynamically favorable pro-
cess./?019+1% Owing to the trivial fact that the edge area of the base metal sulfide is
limited, segregation tends to be generally more severe in catalysts with higher promoter
to base metal-ratio. Excessive promoter atoms that cannot be accommodated at the edges
are thus invariably bound to form a separate phase. Note, however, that segregation does
not necessarily require prior edge saturation. In fact, segregation may take place much
earlier, starting at edge decorations of about 50 % depending on the promoting metal (Co
or Ni), the edge type (M or S edge; see section 2.3.2), as well as the chemical potential
of S (Aps), which is determined by temperature and gas phase composition.’* The latter
is particularly important, as it indirectly influences segregation by affecting the S

coverage of the edges.

According to theoretical calculations, Co and Ni promoted edges are better at stabilizing
high S coverages than the unpromoted MoS; edge (and vice versa).’**?6-1*7 Following a

generalized Le Chatelier principle, the catalyst will hence counteract the effect of high
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Aps by preferentially exposing promoted edges in order to stabilize high S coverages. At
low Aps, by contrast, promoter atoms are segregated from the edge in order to better
stabilize a low S coverage. This effect was found to be dependent on the edge type, i.c.,
it affects M and S edges to a different extent, and may thus lead to adaptations in the
catalyst’s morphology in addition to changes in promoter content. A particularly strong
tendency towards segregation was found for Co at the M edge of MoS;, which will cause
segregation of Co already under moderate hydrotreating conditions. In general, segre-
gation tends to follow the severity of the reaction regime, that is, it will be more extensive

at high temperature and high H» pressure (low H2S/H> ratio).

Another important factor that affects segregation during sulfiding and reactor operation
is the sintering of the primary Co(Ni)-Mo-S crystallites, which leads to decreasing
dispersion and, consequently, to a decreasing capacity for accommodating promoter
atoms.’#1 190198 Ag the extent of sintering-induced segregation increases over time, it
significantly contributes to the progressive deterioration of the catalyst during reactor
operation (deactivation). Note that sintering is substantially accelerated by exposure to
high temperatures. This is particularly relevant for catalyst particles at the reactor entry
(due to the higher reaction exotherm) and those at the reactor bottom (due to the higher
operation temperature). The same applies to catalysts used in high-severity operations
(section 2.1) and high-temperature sulfiding protocols for Type-II site generation (section
2.3.3.6). During sulfidation, high temperatures may also occur inadvertently, e.g., when
the concentration of the sulfiding agent is too high or the sulfidation exotherm is
inadequately controlled (section 2.3.1). Highly dispersed supported catalysts are particu-
larly affected by sintering, as high temperatures eliminate Mo-O(S)-Al linkages that

would otherwise prevent excessive migration over the support surface.

Regarding the time-dependent aspects of segregation, there is a notable difference
between Ni and Co sulfides, which is associated with their melting points or, more
specifically, with their Tamman’?’ and Hiittig’”’ temperatures. These are the temperatures,
at which bulk and surface atoms, respectively, become sufficiently mobile for re-
crystallization (with Tam > Tha). While the Ni atoms in any of the various Ni sulfides are
already appreciably mobile at the temperatures used in hydrotreating (approx. 300 to
400 °C), this is not the case for Co9Sg, which is much more stable against sintering in this

regime (Tram for NizSz: 257 °C, NizSe: 259 °C, NiS: 352°C, CooSs: 413 °C)./93200
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Accordingly, NiSy crystallites are relatively prone to continuous sintering during reactor
operation and may thus reach hundreds of nanometers in diameter in spent hydrotreating

catalysts.’?’

2.35.3 Significance for hydrotreating catalysis

There has been a lot of debate about the actual role of segregated sulfides in hydro-
treating catalysis, particularly in connection with the “contact synergy”” model (discussed
in detail in section 2.3.4.2). Even though contact synergy is now ruled out as origin of the
promoter effect, the general idea is quite plausible given the intimate contact of the two
phases. This coexistence is best seen in micrographs obtained by various techniques
(Figure 2.24). High-resolution TEM micrographs often show that Mo(W)S; layers in bulk
TMS follow the contour of segregated sulfide crystals (Figure 2.24 A). If this two-
dimensional projection is analyzed in three dimensions, such as by advanced micro-
tomographic techniques, one can easily see that the segregated particles are, in fact, fully
wrapped by the Mo(W)S; matrix (Figure 2.24 C). This is somewhat different from the
situation encountered in supported sulfides (Figure 2.24 B). Elemental mapping shows
that the phase distribution is rather two-dimensional in this case, as it follows the contour
of the support. For bulk TMS, it has been argued that the embedded crystallites could act
as a kind of support for the active Co(Ni)-Mo-S phase, which might improve its dispersion

and provide a greater stability against sintering, /35790792

M Mo

Map data 518
MAG: 225kx_HV: 200kV —

Figure 2.24. Segregated Ni sulfides (NiSx) visualized by different techniques (adapted from
ref. 799). (A) Individual NiSx crystals in bulk Ni-MoS2, covered by Ni-Mo-S (MoS2) layers. (B)
STEM-EDX elemental map of Ni-MoS2/Al20s, showing Ni-rich particles (green) on a Mo-rich
substrate (blue). (C) STEM-HAADF tomography of bulk Ni-MoSz, showing NiSx particles (false
colors) embedded in a matrix of Ni-Mo-S (MoS:) layers.
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In contrast to the indirect mode of action of the contact synergy model, there have been
other proposals in which the segregated sulfides function as active sites themselves. It is
well-known, in fact, that pure CoSx and NiSx have a measurable activity in hydrotreating
reactions (HDS, HDN, and hydrogenation).?*!/720/-203 However, their intrinsic activity is
much smaller compared to Co(Ni)-Mo-S phases and typically even smaller than the
activity of unpromoted MoS,.””” In addition, segregated sulfides tend to form rather large
crystallites of accordingly low specific surface area,’”” especially after long time-on-
stream. This further reduces their contribution to the overall reaction rate (except for rare
cases with high segregate dispersion’®). As a result, CoSx and NiSx are nowadays largely

considered as quasi-inert solids within the catalyst matrix.”/*’

Despite their quasi-inert nature in HDS and HDN, segregated sulfides still have
important effects on the activity of the catalyst, most trivially, by “diluting” the active
components and by covering (“blocking”) active sites. The negative impact of Co9Sg in
particular has been demonstrated numerous times.’%52%* In general, if the preparation
conditions are chosen such as to maximize the formation of segregated sulfides, a
decrease in activity is almost always seen. Among other means, such a situation can be
reached by increasing the promoter concentration, the calcination or sulfidation tem-
perature. Given an increasing promoter content, activity will first level off and finally
decrease at even higher concentrations of Co (Figure 2.25 B). While this may be attributed
to site blocking by progressive Co9Sg formation, a closer look at the Co distribution
suggests a different conclusion (Figure 2.25 A). In fact, it appears that the activity
primarily follows the concentration of Co present as Co-Mo-S, while the influence of an
increasing CogSs concentration has little effect. In this specific study, it was therefore
concluded that HDS activity depends only on the concentration of Co present as
Co-Mo-S, which makes a site blocking effect of CooSg rather unlikely.”>’>” However,
given the large uncertainty in the data, particularly at Co/Mo = 1.2, it is questionable
whether this interpretation is truly correct. Also, it remains to be elucidated why an increa-
sing amount of Co would lead to a lower concentration of Co present as Co-Mo-S, as that
would be incompatible with Le Chatelier’s principle. A possible interpretation of this
discrepancy is the “self-accelerated” growth of CooSg at high concentrations of Co (in
analogy to Ostwald ripening”®). As more Co is initially present, more nucleation sites

will form during sulfidation and less Co will be available for Co-Mo-S formation. More
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recently, a combined theoretical-experimental study demonstrated that similar effects also
apply to NiSx in supported Ni-MoS5.”® It was shown that NiSyx growth can be initiated at
edge-incorporated Ni atoms, which then serve as nucleation sites for NiS, thus lowering
the concentration of Ni promoted sites in their immediate vicinity by either withdrawing
Ni from already formed Ni-Mo-S structures or by depleting the environment of Ni during

Ni-Mo-S formation.
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Figure 2.25. Effect of promoter metal content on activity. (A) Upper panel: evolution of Co species
as evidenced by MES, including an alternative interpretation (dashed line). Lower panel: HDS
rate as a function of Co/Mo ratio (diagram adapted from ref. 4, data: ref. '7) (B) Rate of thiophene
HDS on Co-MoS2/Al203 as a function Co/Mo ratio (diagram adapted from ref. 4, data: ref. 2%). (C)
Rate constant of o-xylene hydrogenation over bulk Ni-MoS: as a function of Ni/Mo ratio. The open
symbols show the same catalyst after segregated sulfides have been removed via acidic
treatment (adapted from ref. 297).

The above observations seem to indicate that site-blocking by segregated sulfides may
be of little practical importance. Indeed, some have argued that segregated sulfide forma-
tion should be considered a by-product, rather than the cause of deactivation in operating
catalysts.”?” Specifically, it was pointed out that deactivation is mainly driven by sintering
of the MoS; phase, which directly decreases the concentration of promoted sites by
decreasing the edge area (which in turn leads to the segregation of Co9Sg or NiSx as a side

effect). Site-blocking is nevertheless often considered as a negative consequence of

segregation.’”%"1% On one hand, this is backed up by experiences with real catalysts, in

64



Chapter 2: Fundamentals of hydrotreating catalysis

particular those used for demetalation. These have a much shorter lifetime than other
hydrotreating catalysts, which is partly caused by the build-up of metal sulfide deposits,
among them NiSy (see section 2.1). On the other hand, there is supporting evidence also

from laboratory experiments,’’’

in which the activity of bulk Ni-MoS, was substantially
enhanced (“restored”) after the post-synthetic removal of segregated NiSx (Figure
2.25 C). Such acid treatments may increase the activity well beyond the level expected
for a mere elimination of inert mass, thereby highlighting the site-blocking role of NiSx

(as shown in chapter 4 of this thesis).

2354 Consequences for catalyst characterization

The presence of segregated sulfides has substantially contributed to the troublesome
history of TMS characterization. This is true for commercial catalysts in particular, due
to their high promoter metal content (Co(Ni)/Mo(W) > 0.4-0.5),%5 as well as for many
laboratory catalysts that were synthesized to match the activity of their industrial
counterparts. Only in the case of true model catalysts with very low promoter contents
(e.g., Co/Mo0=0.09) is it possible to selectively generate the active Co-Mo-S phase
without inducing segregation (at least on short time scales).’# The ubiquity of segregated
sulfides and the difficulties in separating their contribution from that of the active
Co(Ni)-Mo-S phase have always been a major problem. Even today, with advanced
characterization techniques, there is still no standard analytic approach that isolates the
properties of the active phase, e.g., active site concentration, from the confounding

Co(Ni)Sx phases.

The concentration of active sites is one of the most important properties of a catalyst
and an essential piece of information on the way to a structure-function relationship. The
“site count” is thus a common objective of catalyst characterization, which often uses
probe molecules like NO or CO for this purpose (see section 2.3.3.3). These probes,
however, are rather unselective for the sites of interest, as they will also adsorb on the
surface of segregated sulfides (i.e., both on the “active” CUS of Co(Ni)-Mo-S and the
“inactive” CUS of Co(Ni)Sx).*’ Consequently, the informative value of the total
adsorption capacity, or “uptake” of probe molecule, is only very limited. Some
researchers have therefore employed a combination of additional analytic techniques to

single out the contribution of Co(Ni1)Sx to the total site count. Theoretically, this is most
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easily done by determining the dimensions of the segregated particles by XRD or electron
microscopy and calculating the number of sites given by Co(Ni)Sx.”*” In practice,
however, this can be a rough estimate at best. The stable surface structure of the segregate
is typically not known, which means that the areal density of sites (accessible promoter
ions) is equally ill-determined. More importantly, only particles of a certain minimum
size can be visualized by electron microscopy, typically only those larger than about 5 to
10 nm. This applies similarly to XRD, which may not detect small NiSy crystals due to
excessive line broadening.’’® In addition, it has been shown by EXAFS measurements
that NiSx domains in bulk Ni-MoS, may also be present in an X-ray amorphous form.’%’
Because the smallest particles are also those with the highest dispersion, it is expected

that such approximations considerably underestimate the contribution of segregated metal

sulfides to the total site count.

In contrast to that, IR spectroscopy of adsorbed probe molecules has been partially
successful at separating contributions of different sulfide phases. Complications related
to the presence of segregated sulfides are still quite common, for example, overlapping
or ill-defined IR bands.”®5%/%8113 Sych analytical difficulties, related to the co-adsorption
of probe molecules on segregated sulfides, can be avoided altogether if the confounding
phases are removed prior to the measurement. This approach has been applied suc-
cessfully to a series of supported Ni-MoS: catalysts that were then analyzed with IR
spectroscopy of adsorbed NO.?”” Note, however, that IR spectroscopy is only applicable
to transparent materials like AlbOsz-supported sulfides but not to bulk sulfides (see section

2.3.3.3).

Spectroscopic techniques with higher site specificity, like MES for >’Co-doped cata-
lysts, are not affected by such problems, as the active Co ions (those in the Co-Mo-S
phase) are selectively quantified without being confounded by CoSx.”*” This method is
particularly useful for the analysis of the “two-dimensional” active phase of supported
TMS, as the active sites detected by MES are then essentially all located at the accessible
surface (in contrast to the three-dimensional bulk sulfides). Even in this case, however, a
meaningful structure-function relationship may only be established when segregated
sulfides at the surface are absent. This is due to the fact that CoSx restricts the accessibility
of active sites at the Co-Mo-S edges, thus leading to a discrepancy between site count and

activity (even though the site count is unaffected).
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Establishing structure-function relations for bulk sulfides is generally much more
challenging than for supported materials, as only a small fraction of active sites (those at
the surface) is actually accessible for reactants. Surface-sensitive techniques, such as
titration with probe molecules, are therefore one of the few feasible alternatives for site
quantification in these materials. However, as described earlier, the significance of titra-
tion measurements is severely diminished in presence of segregated sulfides, which is
even more unfortunate in view of the pronounced segregation tendency of bulk TMS. The
post-synthetic removal of Co(Ni)Sx as demonstrated in chapter 4 of this thesis, may there-
fore be a promising auxiliary method for quantifying sites and establishing meaningful

structure-function relationships in unsupported sulfides.

Figure 2.26. (A) Structure of NisSs (ICSD cc. 63080, visualized with VESTA®) as an example for
the various Ni sulfides found in Ni-promoted TMS. Different colors indicate different NiSx
coordination polyhedra, each with a unique configuration of Ni and S (i.e., Ni-S distance and
coordination number). (B) Structure of Ni-Mo-S (adapted from ref.%). Ni present in NiSx
significantly contributes to the average structural parameters determined by EXAFS.

Regarding the structure of the active sites (in contrast to their quantity), the most
valuable technique has perhaps been X-ray absorption, particularly EXAFS. Also in this
case, segregated sulfides add complication to the analysis and diminish the significance
of the measurement. Bulk sulfides are particularly affected because only a small fraction
of the promoter is actually incorporated into the Co(Ni)-Mo-S phase, while the large
remainder is present as Co(N1)Sx. This distorts the most important EXAFS results, such

as the average Co(Ni)-S coordination number and interatomic distance, which tend to

overrepresent the segregated phase. A further problem is introduced by the sheer variety
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and complexity of segregated sulfides, in particular those of Ni, as these cannot be fitted
individually due to the limited information content of the spectra (Figure 2.26). The
“unresolved” individual sulfides lead to a broadening of the spectral features and thus to
wrong estimates of the coordination number.5” 788218 As with site quantification, the
post-synthetic removal of Co(Ni)Sx can be helpful also in connection with EXAFS
studies. It should be pointed out, however, that this does not completely resolve the issue,
as fully embedded Co(Ni)Sx crystals may be inaccessible to the acidic reagent (see
chapter 4).
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3

Hydrotreating of renewable feedstock

lobalisation of the internal combustion engine has been key
Gto the mobility revolution and may be considered one of the
defining technological developments of the 20th century. [...]
Attempts to substitute established fossil fuels with biofuels in the
future must take into account the broad range of factors that have
shaped combustion engines and fuel demand to date and
generated the myriad of fuel qualities that currently exist around

the world.

L. Clarke, Biofuels in Operation. In Biofuels and Bioenergy, J. Love, J. A. Bryant, Eds. (2017).
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3.1 Biofuels

3.1.1 Conventional vs. drop-in biofuels

Renewable fuels or biofuels are fuels derived immediately from living matter’, that is,
without resorting to geological time spans such as those involved in the formation of
petroleum or coal. This definition encompasses traditional biofuels (e.g., wood, charcoal,
and animal fat) as well as their modern versions that are destined for replacing fossil fuels
in the energy and transportation sector. It is the latter kind of biofuels that will be dealt
with in the present work. The focus is on so-called “drop-in” biofuels: liquid bio-
hydrocarbons that are functionally equivalent to petroleum fuels and fully compatible

with existing fossil-fuel and petroleum infrastructure.’

The connection between environmentally sustainable biofuels and the petroleum-rooted
hydrotreating process may not be immediately obvious. It is therefore rather surprising
that commercially significant quantities of renewable diesel and jet fuel are currently
produced only by conventional refinery technology, in particular by hydrotreating of lipid
biomass (see section 3.1.3).”7 To be fair, there are other types of biofuels that are
produced on much larger scales, most importantly biodiesel and bioethanol, and whose
production has nothing in common with hydrotreating. However, these do not fulfill the

requirements for drop-in application.

Biodiesel, for example, is chemically quite different from its petroleum counterpart
(Figure 3.1). While conventional automotive diesel is a mixture of middle- to long-chain
aliphatic hydrocarbons (typically C9 to C25), biodiesel is composed of fatty acid methyl
esters (FAME). Even though the length of the aliphatic chain is similar, FAMEs have a
distinct chemical nature leading to severe problems such as accumulation in engine oil
and incompatibility with certain metal and plastic parts (cast iron, natural rubber, copper-
based alloys). Cold-flow behavior is also generally much worse than that of petrodiesel.
Perhaps the most important limitation, however, is related to the sophisticated exhaust
gas treating systems that are now found on all modern diesel engines.? Because of these
restrictions, biodiesel can only be used as an admixture (up to 7 vol% in the EU) but not

as a replacement for conventional petroleum diesel.
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Similarly, bioethanol has some serious disadvantages over conventional gasoline. Even
though engines could be adapted to run on pure (bio)ethanol, typical gasoline engines
suffer from issues related to material compatibility, spark timing, and fuel injection.” Just
like biodiesel, bioethanol may not fully replace its petroleum based pendant, and
accordingly, the allowable ethanol content in gasoline in the EU is currently limited to a
mere 10 vol% (“E10” fuel). In addition, due to the distinct chemical nature of biodiesel
and bioethanol, these biofuels have to be delivered through separate distribution channels,
as they are not compatible with the existing petroleum infrastructure (pipelines, storage
tanks, etc.). A true drop-in biofuel should be able to completely substitute one specific

fossil fuel without requiring significant engine or infrastructure adjustments.

A B
CHj
o
H,C” HsC
0

Methyl oleate (C19H35052) n-Hexadecane (CqgH3g4)
Composition (wt.-%): Composition (wt.-%):
C, 76.97; H, 12.24; O, 10.79 C, 84.87; H, 15.13

Figure 3.1. Typical constituents of biodiesel (A) and petroleum diesel (B).

As far as land transportation vehicles are concerned, biofuels are not the only alternative
to conventional fossil fuels: Electrification, methanol, and hydrogen are all more or less
viable options for increasing sustainability in this sector. Aviation, by contrast, is much
less flexible in this regard, as it uniquely depends on energy-dense hydrocarbon fuels.
Given the high power-to-weight requirements, jet engines cannot be easily electrified
using current battery technology, and, for the same reason, alternative fuels with lower
energy density like cryogenic hydrogen or methanol are not an option either. Conven-
tional biofuels like FAMESs could be a suitable replacement from the perspective of energy
density but do not meet the numerous other requirements for jet fuel (e.g., cold-flow
properties). To further complicate things, the aviation industry uses highly unified, global
standards that cannot easily adapt to new developments. In view of these limitations, it is
no surprise that refiners, airlines, and plane manufacturers are concentrating their efforts

on developing fully compatible drop-in alternatives to jet fuel.”"
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3.1.2 Biofuel feedstock

Fossil fuels are characterized by a high degree of saturation and the virtual absence of
oxygen. This is true for all kinds of transportation fuels like diesel, gasoline, and jet fuel
(which may also contain about 20 to 30 vol% of aromatics, but this is not a requirement).
An ideal renewable raw material should therefore be poor in oxygen, have a high degree
of saturation and a molecular structure close to that of the intended fuel product. From
this perspective, many renewable sources like starch, sugars, lignin, and lignocellulose
may be already ruled out simply because of their low effective H/C ratio” (Figure 3.2). In
this comparison, oleochemical feedstock clearly stands out with an effective H/C ratio of

about 1.8, which is very close to that of conventional fuels (H/C = 2).

Conventional fuels & drop-in biofuels —— Diesel | 2.0 5 ‘

Oleochemical feedstock — | Lipids | 1.8 &

n(H) — 2n(0)

Heff/c = n(C)

Figure 3.2. The effective H/C ratio “staircase” (adapted from refs.2-38). The effective H/C ratio is
the ratio between hydrogen and carbon atoms in the molecule adjusted by heteroatoms (here:
oxygen). It is a simple measure for the “hydrogen cost” associated with the conversion of biomass
resources to fuels.

Oleochemical feedstock can be any oil or fat (lipid) originating from animals, plants,
and other organisms such as microalgae. The primary constituents are triglycerides (or
triacylglycerols, TAGs), as well as minor amounts of di- and monoglycerides, free fatty
acids (FFAs), phospholipids, and other related compounds. While all TAGs have an
identical glycerol backbone, the length and structure of the fatty acid side chains may
vary substantially depending on the origin of the lipid. Most commercially used oil crops
today have a side chain length of roughly 16 to 22 C atoms (Table 3.1), which falls nicely
within the range of diesel hydrocarbons. In contrast to the latter, TAGs are usually at least
mono-unsaturated, and even doubly or triply unsaturated bonds are no exception (Table
3.1). As each organism has its individual fatty acid profile (Table 3.1), not all lipid sources

are suitable raw materials for renewable diesel, gasoline, or jet fuel. For example, while
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almost all vegetable oils can be used for diesel production, there are only few lipids with

chain lengths in the jet fuel range, such as those derived from oil palm kernel.”

Table 3.1 Fatty acid composition of commercially used oil crops and other organisms.9-70

Species 16:0 18:0 18:1 18:2 18:3 Others
Peanut 11 2 48 32 7
Soybean 11 4 24 54 7

Oil-seed rape/Canola 4 2 60 22 10 2
Flax/Linseed 3 7 21 16 53

Sunflower 7 5 19 68 1

Oil palm kernel 8 3 15 2 720
Oil palm mesocarp 45 4 40 10 1
Jatropha 14 7 45 33 1
Microalgae ? 23 22 7 7 17 24

2 Microalga Chlorella vulgaris cultivated in photobioreactor.  Palm kernel oil is rich in short-chain
saturated fatty acids: 4 % 10:0, 48 % 12:0, 16 % 14:0.

Fuel production from lipids has been intensely debated, most notably because of the
“food-versus-fuel” dilemma, i.e., the risk of diverting arable land and food crops for
biofuels to the disadvantage of the food supply.”’ This has sparked interest in cultivating
oil-producing species that are non-edible and able to thrive on marginal agricultural land,
e.g., Jatropha or Camelina. Similarly, also microalgae are being investigated as an option
that not only avoids competition with food crops, but has the potential to dramatically
exceed oil yields of traditional crops.’*’® Some microalgae species can be cultivated to
produce up to 70 wt% of lipids’* (on a dry mass basis), while the possibility of “stacked”

cultivation in photobioreactors’>!’

could significantly reduce land use. Hardly surprising,
this option has been investigated with quite some interest in the past two decades or so,
for example, in the German AUFWIND*?’ and AlgenFlugKraft’ research campaigns.
After initial optimism, some major obstacles were identified in the pursuit of this
approach, most importantly the energy intensive thermal dewatering of the algae slurry
and lipid extraction from the cells. Accordingly, significant technological advancements

are necessary before algal biofuels can become a commercial reality.’?

Despite these limitations, lipids are currently the most promising candidates for
substituting fossil raw materials in fuel production — at least in the near future. Lipids are
readily available and supply chains are already in place. Their low oxygen content, as

compared to other bio-based feedstock, and their chemical similarity with fuel-range
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hydrocarbons makes them relatively easy to process.” These favorable properties are
already being exploited on a global scale, most notably for the production of biodiesel.
However, for the reasons explained earlier, that may not be making the best use of lipid

feedstock.

Unlike the transesterification used in biodiesel production, processes for drop-in fuel
production from lipids must be able to break off the aliphatic side chain, remove all
oxygen atoms, and (partially) saturate the double bonds. Conventional refinery opera-
tions, notably cracking and hydrotreating, have been explored for this purpose. In
cracking, triglycerides are thermally or catalytically decomposed to alkanes, alkenes and
fatty acids over conventional cracking catalysts used in the petroleum industry, i.e.,
zeolites and other acidic alumino-silicates. The major problem of this approach is the low

selectivity for fuel range hydrocarbons,?-**

with triglyceride side chains being broken
down to less valuable short-chain products that often still contain oxygen. Hydrotreating,
on the other hand, acts more conservatively on the C-C bonds and removes oxygen much
more effectively. It has been noted early on that the requirements for triglyceride
deoxygenation and petroleum upgrading are indeed very similar, especially in the aspect
of heteroatom removal and saturation. Hardly surprising, lipid hydrotreating has become
an active area of research being pursued by numerous groups from industry and academia.

The next section takes an in-depth look at the potential and challenges associated with

this approach.

3.1.3 Hydrotreated esters and fatty acids

Drop-in biofuels derived from renewable lipids are widely referred to as “hydrotreated
esters and fatty acids” (HEFA) or ‘“hydrotreated vegetable oils” (HVO). The terms
“renewable diesel” and “green diesel” are typically used to distinguish HEFA-based
diesel from FAME-based biodiesel. Similarly, HEFA-based jet fuel is often referred to as
“hydrotreated renewable jet fuel” (HRJ).

HEFA are currently the only drop-in biofuels that are produced in commercially
significant quantities,” mostly in the form of renewable diesel and to a smaller extent as
renewable jet fuel. One of the largest producers of HEFA is Neste, a Finnish company

with operational facilities in Porvoo (Finland), Rotterdam (Netherlands), and Singapore,
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having a combined production capacity of 2.7 million tons per year (Mt/a) of HEFA

1.7 This is still small compared to the world biodiesel production of

renewable diese
31 Mt/a and even smaller compared to world diesel production, which was 1363 Mt/a
including fuel oil uses of diesel (2016 data according to U.S. Energy Information Admi-
nistration). The growth potential in this sector is therefore quite large, especially in view
of the numerous political action plans issued by the EU and other countries to drastically
lower current carbon emissions (e.g., Directive 2003/30/EC, Renewable Energy Directive
2009/28/EC, Amendment to the Fuel Quality Directive 2009/30/EC). The prospect of a
steadily growing, politically enforced market has incentivized several “traditional” oil
companies (e.g., Honeywell UOP, Eni, Sinopec) to increase their efforts to commercialize

drop-in biofuel production with proprietary solutions.”%

The vast majority of commercial HEFA fuel is currently produced in stand-alone units
(e.g., by Neste?), which are typically embedded in a conventional refinery environment.””
Even though the lipids are thus not processed in the same units as the conventional
petroleum intermediates, the refinery is still an obvious location for HEFA production.
This is mainly because of the existing fuel delivery network, i.e., pipelines, railway, and
marine transport, and the availability of large quantities of relatively inexpensive hydro-
gen gas. The latter is vital for lipid conversion, as typical lipid feedstock contains about
10 to 11 % heteroatoms? in the form of oxygen, compared to about 1% heteroatoms
(mainly sulfur) in petroleum. This translates to a dramatically increased hydrogen con-
sumption of roughly 300 to 400 m? per m? of fully deoxygenated triglyceride feedstock,
whereas H> consumption is about a factor 10 lower for the desulfurization of 1 %-sulfur

petroleum.?

Apart from supplying hydrogen, the refinery offers additional benefits for lipid
hydroprocessing plants. Lipid hydrotreating is significantly more exothermic than
conventional hydrotreating and releases correspondingly more heat, roughly in proportion
to the heteroatom content.”” Hence, it is vital to provide options for the re-utilization of
excessive heat to increase the overall efficiency — a goal which is most easily achieved in
a highly integrated industrial environment like the refinery. (Of course, increased heat
release has to be also addressed in terms of more efficient reactor cooling systems to
prevent unwanted side effects like coking, pressure build-up, and poor liquid distri-

bution.’”) The necessity for dewaxing is another reason why most stand-alone HEFA
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plants are integrated into refineries:’> After deoxygenation, the liquid hydrocarbon
product consists largely of saturated, unbranched alkanes with poor cold-flow properties
and a high freezing point. Dewaxing reduces both the freezing point and the viscosity by
selective cracking and skeletal isomerization of paraffinic molecules over conventional

Brensted-acidic cracking catalysts.

Being a separate process, stand-alone HEFA technology cannot fully exploit the
potential benefits of the refinery infrastructure. The maximum degree of refinery integra-
tion may be achieved only by “co-processing”, i.e., adding lipids to crude oil fractions
and processing the mixture in existing, conventional units. Of the numerous studies
exploring the co-processing of lipids (recently reviewed in ref. 2”) many conclude that
hydrotreaters are the most promising insertion points in the refinery process scheme
(Figure 3.3). In addition to lower capital and operational expenses, a major advantage of
this approach is the vast processing capacity of the existing refining units. These could
generate partly fossil, partly renewable “hybrid” fuels, which may serve as an important

intermediate solution on the way to a decarbonized future.
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Figure 3.3. Simplified diagram of an oil refinery with possible insertion points for renewable lipid
feedstock highlighted in the red area (reproduced from ref. 27).
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As of today, co-hydroprocessing has not yet reached the degree of commercialization
of the more flexible stand-alone HEFA facilities. The latter produce a pure, high-value
renewable product which may be sold separately or used for blending, whereas this is not
the case for co-hydroprocessing. Because of this flexibility, stand-alone HEFA plants are
often the preferred solution despite their higher cost.”> However, once commercial co-
hydroprocessing has been established, its biofuel output may quickly exceed that of
freestanding HEFA facilities. Because of the vastly larger processing capacity, even a low
percentage of lipids co-processed along with petroleum-based feedstock would have a

notable impact.

The experience with co-hydroprocessing so far has shown that reactor setups and
catalysts not specifically designed for renewable oils often lead to poor desulfurization of
the primary feed, hydrogen starvation, and pressure drop build-up.’ Stand-alone units
have it easier in this regard because they use dedicated catalysts and process equipment.
Issues of material compatibility between processing equipment and lipid feedstock are
also much more easily addressed in a stand-alone unit. For example, more expensive
metallurgy may be required because of the corrosiveness of lipid feedstock.?%?#3! Apart
from economical and technological considerations, the reaction chemistry also sets some
strict boundaries on co-hydroprocessing. The concurrent treatment of chemically
different feedstocks is always a challenge, and the reaction conditions will likely be sub-
optimal for either of the two. Detrimental interactions between co-processed feedstocks
need to be identified and properly addressed, for example, the effect of oxygenated
byproducts on the HDS/HDN of the primary feed. It is therefore crucial to understand the
influence of the process parameters and the working principles of the catalyst (i.e., the
reaction mechanisms and structure-activity relations) to guide the process into the desired

direction.
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3.2 The chemistry of lipid deoxygenation

The greatest challenge in converting lipids to hydrocarbon fuels is their high oxygen
content. Other heteroatoms (S, N, P) may be present, but oxygen is certainly the most
abundant and problematic. In addition to reducing the fuel’s energy content, it leads to a
variety of other problems (like those discussed in connection with oxygenated biofuels in
section 3.1.1). It is also worth noting that oxygen removal is typically the rate determining

step in the conversion of lipids.*

3.21 Side chains

In contrast to oxygen removal, hydrogenation of the unsaturated side chains (Table 3.1)
is less demanding and occurs at a much higher rate under typical hydrotreating condi-
tions.”> Deoxygenation (DO) of lipids and related compounds is therefore usually
preceded by double bond saturation.’’ Side chain length and degree of saturation seem to

not significantly affect DO rates and selectivity,**’

except for accelerated catalyst deacti-
vation in the case of highly unsaturated feedstock.’® Because of their marginal influence,
side chain structure is thus rarely relevant for laboratory-scale DO studies. In an industrial
setting, however, both length and saturation are important, as they influence H, consump-

tion and product boiling range.

3.2.2 Model compounds

Deoxygenation is often investigated using model compounds instead of naturally occur-
ring triglycerides, which is mainly done for facilitated analysis. As triglycerides easily
reach molecular weights in excess of 800 g/mol (e.g., triolein with 885 g/mol), they
cannot be vaporized without decomposition and are thus unsuitable for the more common
analysis methods like gas chromatography. Also note that natural triglycerides contain a
multitude of different side chains (Table 3.1), which further complicates sample analysis.
Accordingly, when triglyceride model compounds are used, a reactant with uniform side
chain length is chosen in most cases, e.g., tristearin®’, tripalmitin®® or tricaprylin®. Due
to the challenging analysis, a large share of studies has also been done using reactants

other than triglycerides (extensively reviewed in ref. *). Common model compounds
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include fatty acid methyl- and ethyl esters (FAME and FAEE), as well as free fatty acids.
Remarkably, all these compounds exhibit deoxygenation rates and selectivities similar to
those of triglycerides when subjected to the same reaction conditions (see examples in
Table 3.2). This has been attributed to the existence of a common fatty acid intermediate

which is formed independently of the model compound.”

Table 3.2. Comparison of deoxygenation activity and selectivity for triglycerides and model com-
pounds.

Catalyst Reactant Reaction Initial rate Selectivity ¢
conditions (mmoloo/mmOlmetal)/s (Cn/Cn-1)
, microalgae oil 0.38 -
Ni/H-p40 260 °C, 40 bar H
H-p stearic acid armz 0.33 -
Pd/C stearic acid 300 °C, 15 bar Hs 20 -
oleic acid 21 -
Ni-MoS,20a  Microalgae oil 300 °C, 50 bar Hz - 78/22
2 palmitic acid at 30 % conversion - 79/21
Ni-MoS,20 b tripalmitin 300 °C, 50 bar Hz - 49/51
? palmitic acid at 60 % conversion - 49/51

Stearic acid: C18:0 fatty acid; Oleic acid: C18:3 fatty acid; Palmitic acid: C16:0 fatty acid;
Tripalmitin: triglyceride with C16:0 fatty acid side chains; Microalgae oil main components: 56 %
C18:2, 32% C18:1, 4.4% C18:0, 4.4% C16:0, 3.2% C20+. ?Prepared via co-precipitation
method (see section 2.3.1). ? Prepared via thiosalt route (see section 2.3.1). ¢ Selectivity (C%)
to hydrocarbons of same length as reactant (Cn via HDO route) and with one C atom less than
reactant (Cn-1 via CLR). See section 3.2.4 for further information on deoxygenation pathways.

3.2.3 Initial decomposition of lipids

The decomposition of fatty acid esters in absence of water may in principle occur
through one of three pathways: f-elimination, y-H migration, or direct DO (Figure 3.4).

3746 report fatty acid evolution during fatty acid ester DO,

Most deoxygenation studies
which is in nice agreement with a f-elimination mechanism. While the first side chain
may be cleaved off even in absence of H», further eliminations are not possible without
prior hydrogenation of the unsaturated diglyceride fragment. In presence of H> and a
hydrogenation catalyst, the unsaturated fragment is further hydrogenated, thereby allow-
ing for two further elimination steps. Finally, the glycerol backbone is released as propane
(or propene in Ha-deficient atmospheres??), whereas the fatty acid intermediates undergo

deoxygenation to C, or Cy.1 hydrocarbons (not depicted in Figure 3.4). Note that not all

esters may undergo f-elimination. Methyl esters (FAME) lack a second C atom adjacent
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to the methoxy group and must therefore decompose via a different mechanism. While
the methoxy group is released as methane and/or methanol, the fate of the acyl group is
not fully understood. Fatty acids can be absent in some cases and other oxygenates

(aldehydes, alcohols) are suggested to be the primary intermediates instead.*”*

/+elimination o)ol\/\n o
KR

O%AR —OJ‘;I\/\R
OJO\/\R »H migration _O)O%/\R .o
e —os
_OJ:J\AR SR+ H0
_OJ\AR * or
direct DO g+ HOs CO,

Figure 3.4. Simplified reaction scheme for triglyceride decomposition pathways3? (DO:
deoxygenation). Hydrogen consumption has been omitted in direct DO.

In contrast to f-elimination, y-H migration involves bond cleavage outside of the ester
group (between the a and f carbon atom), and the hydrocarbon chain is released in form
of a Cy2 olefin. This pathway is usually not observed under typical hydrotreating condi-

tions but only at higher temperature (e.g., at 450 °C#).

There is also limited evidence for a third pathway, direct DO, in which oxygen-free
products are formed without the appearance of oxygenated intermediates (i.e., direct
formation of alkanes/olefins from triglycerides, FAEE, or FAME).”’ It is questionable
whether this is truly a distinct pathway, as its existence is postulated merely from the
apparent absence of oxygenates. It is much more likely that these are simply not detected,
for example, because of strong adsorption at the catalyst surface or fast reaction on certain
catalysts.”’ Based on the available evidence, it seems that consecutive S-elimination
(yielding fatty acid intermediates) is the most significant mechanism for the initial

cleavage of fatty acid esters.’>3% #4325
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Figure 3.5. Simplified reaction scheme for oxygen removal from fatty acids (as primary reactant
or intermediate from triglyceride/fatty ester DO). The numbers indicate features described in the
text.

3.24 Deoxygenation reactions

The free fatty acid released by f-elimination can lose oxygen in a variety of ways
(Figure 3.5). These are primarily distinguished by the length of the hydrocarbon products
and the form in which oxygen is removed. Hydrodeoxygenation (HDO) produces hydro-
carbons (alkanes, olefins) of length C,, that is, equal to the carbon number of the fatty
acid while oxygen is removed as water. In all other routes, summarized as carbon loss
routes (CLR), the products are of length C,.; while oxygen is released in the form of CO
(decarbonylation), CO; (decarboxylation), or formic acid (which then decomposes to CO-

and H; or CO and water).

The HDO reaction network (Figure 3.5) has been investigated with different catalyst
systems and under a variety of reaction conditions. It essentially consists of a series of
consecutive hydrogenation-dehydration steps in which only C-O bonds are cleaved.’”
HDO is initiated by C-O hydrogenolysis at the carboxyl carbon atom, releasing one
molecule of water and an aldehyde (1) of the same length as the fatty acid reactant (Figure
3.5). The carbonyl group is then hydrogenated to an alcohol (3), from which water is
eliminated to give the corresponding 1-olefin (4). A final hydrogenation step yields an »-
alkane (5) as the end product of the reaction sequence. Intermittently, the presence of
alcohol may give rise to a symmetric ester (6) resulting from condensation with the fatty
acid reactant.”**>* The ester is usually found to be a minor side product as it is

hydrolyzed by water formed in other HDO steps or subjected to HDO/CLR itself.
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It has also been argued that the reactive form of the aldehyde (1) may actually be its
enol form (2).#” According to this hypothesis, alcohol (3) and olefin (4) are both formed
from the enol in a parallel reaction (by C-O hydrogenolysis and C=C hydrogenation,
respectively), contrary to the sequential reaction given in Figure 3.5. These results were,
however, obtained using ketone model compounds, and accordingly, may not be fully

applicable to typical HDO chemistry.

Alcohol intermediates are observed regularly in the HDO of lipids, whereas aldehydes
are detected less frequently because of their higher reactivity and correspondingly lower
concentration (see refs. 3*#"319%60 and refs, #6-47.91.97.59-60" for reports of alcohol and
aldehyde intermediates, respectively). Also note that alcohols and aldehydes, while

exclusively formed via HDO, can act as intermediates in the carbon loss routes.

The reaction network of HDO is relatively indifferent to the reaction conditions and
manifests itself always in more or less the same fashion. Carbon loss routes, by contrast,
follow much more diverse patterns (Figure 3.5). Carbon may be eliminated in a variety
of forms, e.g., as CO, CO,, or HCOOH, and from a variety of substrates, which include
intermediates formed by HDO, i.e., fatty acids, aldehydes, alcohols, or ketenes. Owing to
the short-lived nature of some of these substrates and the fact that the gaseous inter-
mediates are convertible into each other (e.g., via reverse water gas shift reaction), CLR
reaction networks are more challenging to analyze than those of HDO. Accordingly, there
are only few studies in which firm conclusions about the exact reaction sequence and
mechanisms of lipid CLR have been obtained. Because of these difficulties, individual
CLR pathways are typically not analyzed separately and in many cases little more than
the overall CLR selectivity is reported, even though multiple mechanisms may be at work.
In fact, some of the more detailed accounts of CLR were obtained via computational

methods, used to supplement incomplete information from catalytic experiments.’’%/-62

Several mechanisms have been proposed to explain the phenomena accompanying fatty
acid (ester) CLR. The evolution of CO, for example, has been attributed to the decarbony-
lation of an aldehyde (7) which serves as a common intermediate for HDO and CLR
(Figure 3.5).70-46-98.63-65 I this scenario, aldehyde decarbonylation yields a terminal Cp.1
olefin (which is then hydrogenated to the corresponding C,.1 alkane), whereas aldehyde

HDO produces a Cx alkane. Theoretical calculations’” suggest that a highly reactive
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ketene is formed from the aldehyde before breaking the C-C bond and releasing CO. Even
though direct experimental proof for this mechanism may not be obtained (due to the
ketene’s reactivity), there are several instances in which ketenes are suggested as reactive
CLR intermediates over different catalyst systems (bulk Ni-MoS,,’” Ni/ZrO2,? bulk
MoP% and NiyP%).

Direct decarboxylation has also been widely reported as a possible deoxygenation
mechanism.?#33996.67-72 In this case, it is suggested that fatty acids or fatty acid esters
lose CO; directly to form a C,.; alkane (see (9) in Figure 3.5). It is worth noting that
decarboxylation of lipids is far from being a new discovery, as petroleum is believed to
have formed via natural anaerobic decarboxylation processes.”> In organic chemistry,
catalytic decarboxylation has long been known as a synthetic tool, especially in connec-
tion with short-chain carboxylic acids (e.g., acetic acid) in the gas phase.”* However, it is
debatable whether the same mechanistic principles apply to liquid-phase fatty acid deoxy-
genation. Most often, fatty acid decarboxylation is proposed simply because of the

appearance of COz in the gas phase, even though it could have a different origin.

Apart from direct decarboxylation and aldehyde decarbonylation, it was suggested that
fatty acids could also undergo hydrogenolysis, i.e., hydrogenative C-C cleavage between
the a- and the carbonyl carbon atom.*” This would directly yield a saturated alkane of
length Cy.1 and formic acid (8) (Figure 3.5). As formic acid rapidly decomposes to
CO/H20 or CO2/H», there is only scarce and indirect evidence for this pathway (limited
to a few cases, in which traces of formates were found during workup of the reaction
mixture).””7% Further ambiguity is added by the fact that the gaseous carbon oxides may
occur simultaneously or be interconverted, e.g., by (reverse) water-gas shift reaction.
While hydrogenolysis is not yet fully understood, it can be speculated that the “direct”
carbon loss routes mentioned earlier may just be hydrogenolysis in disguise. For example,
CO; formation may be falsely attributed to “direct” decarboxylation of the fatty acid,
when in reality a formic acid intermediate is formed first. The same applies to “direct”
decarbonylation. Accordingly, the preference for “direct” decarbonylation or decarboxy-
lation may not reflect the reactivity of the fatty acid (ester) or the catalyst, but rather that

of formic acid under the present reaction.
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In contrast to HDO, certain variants of CLR do theoretically not require any hydrogen
to be present and could therefore be used to perform DO with massively reduced hydro-
gen consumption. In practice, however, there are several problems with this approach:
First, CLR reduces the yield of usable liquid hydrocarbon product by eliminating one
carbon atom per fatty acid molecule. Additionally, the presence of COx in the gas phase
is a severe problem in its own right, as carbon oxides reduce H» partial pressure and may
undergo secondary reactions that consume considerable amounts of hydrogen without

contributing to the energy content of the product:

Reverse water-gas shift reaction:. CO, + H, == CO + H,0

CO methanization: CO + 3 Hy == CH, + H,O

It was found, for example, that roughly 50 % of CO: and 30 % of CO are converted to
methane during rapeseed oil deoxygenation under typical hydrotreating conditions,?” thus
negating or even inverting the potential advantages of deoxygenation via CLR. While it
is possible to minimize secondary H> consumption by decreasing its partial pressure,®’
this is hardly feasible for a co-hydroprocessing scenario, in which the primary feed
dictates a high H» partial pressure. In stand-alone facilities, CLR could be theoretically
carried out in Hz-deficient atmosphere or even in total absence of Ha, but this comes at
the price of lower conversion, lower selectivity for fuel range hydrocarbons, and rapid
catalyst deactivation. Triglyceride CLR in absence of H> occurs only to a limited extent
and generally needs higher reaction temperatures to proceed with acceptable rate.’” This
has been attributed to the cumbersome S-elimination step that becomes rate limiting when
H, is not present in sufficient concentration (see section 3.2.3).”* The shift in reaction
kinetics and the higher temperature also promote undesired side reactions like cracking,
oligomerization, cyclization, aromatization, and ketonization, thus substantially decreas-
ing DO selectivity.’*7%%” Needless to say that the heavy, unsaturated side products also
lead to severe coking of the catalyst surface. In practice, low conversion and increased
catalyst deactivation have made it difficult to obtain firm conclusions about CLR in

absence of H».>>”!

94



Chapter 3: Hydrotreating of renewable feedstock

3.25 Influence of reaction conditions

Even though the catalyst is the decisive factor for DO activity and selectivity (see
section 3.3), the reaction conditions can also have an important influence. The effect of
temperature, H> partial pressure, and the nature of the solvent has been investigated in
great detail in a number of studies (reviewed in refs.”3?277). The most important

findings of these works are summarized in the following.

Table 3.3. Thermodynamic balance of (overall) DO reactions.?

Reaction Equation AG® (273 K) AG° (573 K)
kJ mol-! kJ mol-!
Hydrodeoxygenation g-~-CCH +3H, = g™ +2H,0 -122 -98
Decarbonylation RN\ COH = R’y  *CO+HO +59 -29
Decarbonylation ? RNCO0H +H, = g +CO+HO -27 -80
Decarboxylation RN C02H = R\ +CO, -60 —-96

2 Gibbs free energies calculated at 1 bar using C3/C4 compounds. See chapter 5 for more details.
Note that the presented overall reactions omit elementary reaction steps. » Decarbonylation with
subsequent hydrogenation of terminal olefin.

In the typical temperature range of DO studies (=300 °C), all reactions exhibit
significantly negative free energy changes, thus indicating a favorable equilibrium
situation (Table 3.3). In contrast to full HDO, where the total number of molecules is
reduced, CLR reactions are entropically favorable because only little or no H» at all is
consumed, resulting in a net gain in the number of molecules. Accordingly, when both
pathways are present, the contribution of CLR generally becomes more important as the
temperature increases.””’® Thermodynamic aspects are particularly relevant under
conditions where full or near full conversion is achieved, like in industrial reactor
operation. In contrast to that, thermodynamic aspects are much less relevant in laboratory
scale DO studies, as these are typically conducted at conditions far from equilibrium,
where kinetic effects dominate. The net effect of temperature is, however, also dependent
on other temperature-related responses like inhibition by CO/CO; adsorption and acceler-

ated catalyst deactivation, thus making it difficult to draw universal conclusions.

Hydrogen partial pressure has a strong influence on DO reactions. For HDO, which is
a hydrogen consuming reaction, there is a positive correlation between H> pressure and

the reaction rate, indicating that the rate limiting elementary step is dependent on H»

95



Chapter 3: Hydrotreating of renewable feedstock

coverage of the catalyst surface. This is not necessarily the case for CLR?/, as some
variants may not even require the presence of hydrogen. It is also true, however, that CLR
is often promoted significantly in presence of H», most likely due to the role of hydrogen
in removing unsaturated coke precursors from the catalyst surface and regenerating active
sites.”’"97.7 Note that the dependence of CLR on H» pressure is not monotonic, and above
a certain optimum pressure®” the opposite may be observed, i.e., inhibition of CLR by Ha.
It has been suggested that a high hydrogen coverage of the catalyst surface, induced by
high H» pressure, may inhibit reactant adsorption and hence the CLR rate. On the other
hand, this would also be relevant for HDO and it is therefore not completely clear why

the inhibition is selective for CLR.

In addition to pressure and temperature, also the solvent can have an impact on DO,
although this is only relevant for laboratory-scale experiments using diluted reactants
(industrial reactions are typically performed in bulk phase). Most studies focus on
organic, practically inert solvents like decane or dodecane, and some workers have per-
formed DO also in aqueous media.”” While there are no reports of solvents chemically
interfering with the reaction, it was observed that the solvent’s physical properties
(boiling point, viscosity, etc.) can indeed have an influence. For example, it was found
that a lower boiling point simultaneously enhanced both HDO and CLR activity.” "/ In
CLR studies performed in absence of Ha, the solvent has been discussed as a potential

source of in-situ produced hydrogen.?>’
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3.3 Deoxygenation catalysts

A great number of catalyst systems has been evaluated for lipid deoxygenation. The
most well-investigated among those are group 10 metals (Ni, Pd, Pt) and conventional

MoS; based hydrotreating catalysts. Group 10 metals for lipid DO studies are usually

38,46,51,63,76,80-81 35,37,39,50,60-61,71-72,82

supported on Al,O3 or carbon, while some work has also
been done using SiO,,?0:638083 7rQ, 46638487 Ti0,,% Ce0,,% or zeolites?* 533058 a5
support. Hydrotreating catalysts containing Mo, W, Ni, and Co have been most widely

employed in their alumina-supported form,?*#3-#347.34.36.6489-90

whereas unsupported
sulfides®”?! are used less frequently. More recently, also novel carbide and phosphide
hydrotreating catalysts have entered the field of lipid DO, e.g., supported or bulk

MOZC,48’92_95 WzC,59’93’95 MOP,58’66 and NizP.58’66

3.3.1 Group 10 metals for lipid deoxygenation

Within this large variety of materials there is a general trend for group 10 metals to favor
CLR over HDO. Because of their high CLR selectivity, there is a large body of work
concerned with H»-free deoxygenation over supported group 10 metals (extensively
reviewed in ref. *?). Note that these studies are not addressed in detail in the present work,
as most aspects of DO under inert conditions are irrelevant for hydroprocessing. In
hydrogen-rich atmosphere, these catalysts are highly active for the DO of lipids and show
a universally high preference for Cn1 products, which is largely independent of the
support. Cases in which the support exhibits a major influence on selectivity seem to be
limited to zeolite-supported Ni (H-f and H-ZSM-5) which strongly favors HDO over
CLR.?*% This exception has been attributed to highly Brensted-acidic sites that facilitate
alcohol dehydrogenation (3 — 4, Figure 3.5) and thereby reduce the concentration of
aldehydes (1) which serve as the central CLR substrates. Note that also extensive cracking

was observed in both cases.

In general, group 10 metals are known for being excellent hydrogenation and hydro-
cracking catalysts. It is therefore not surprising that much of the reactivity seen in lipid
DO is based on their well-known (de-)hydrogenation and C-C hydrogenolysis activity.
This may be the reason why reaction mechanisms at the molecular level are only rarely

addressed in these studies. There are a few exceptions, for example, a study by Boda et
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al.*’ which explains selectivity differences between MoOx (mainly HDO) and Pd (mainly
CLR) by different adsorption modes of the fatty acid reactant (Figure 3.6 A). It is,
however, debatable whether this truly represents a universal principle. Other metal oxides
like WO3/C for example are highly selective for CLR, while others like WO,/C are
completely inactive for DO.?* Similarly, also studies performed in absence of H, have
linked selectivity differences in fatty ester DO to different adsorption modes. For
example, concerted (or “direct”) CLR has been attributed to perpendicular adsorption via
the C=0O group, whereas “indirect” CLR via a fatty acid intermediate was concluded to
require adsorption via both oxygen atoms (Figure 3.6 B).”! A detailed molecular-level
mechanism of CLR via aldehyde (and ketene) intermediates on Ni/ZrO> was proposed by
Peng et al.?0 In this case, the metallic Ni nanoparticles and ZrO, support seem to act in
parallel (and also synergistically) to produce an aldehyde intermediate from the fatty acid
reactant. The actual C-C scission was concluded to occur only on the Ni nanoparticles

and not on the functional groups of the support.

A B
0 0 R/j\ R o
~o AN
_—
R o 07> I
I\'/I—O:X Pd—Pd M— M
HDO

Figure 3.6 Carbon loss reaction mechanisms on metal catalysts. (A) C-O adsorption on ionic
metal oxide leading to HDO, and C-C adsorption on non-polar metal surface leading to CLR of
fatty acid reactant (adapted from ref. 39). (B) Different modes of ethyl ester adsorption leading to
direct and indirect CLR via fatty acid intermediate (adapted from ref. 77).

3.3.2 Hydrotreating catalysts for lipid deoxygenation

Mo and W based hydrotreating catalysts are generally highly selective for the HDO
pathway, especially non-promoted Mo or W sulfides?”#*°76% and carbides?®***/. Phos-
phides are an exception to this rule because MoP may show substantial CLR activity,
whereas WP is only active for HDO.’¥% This discrepancy has been attributed to the
presence of additional functional groups which are not related to the metal and alter the

)‘66

reaction network (e.g., Lewis-acidic P-OH groups).’® On non-promoted MoS, either
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supported or unsupported, CLR is usually a minor side reaction, while HDO selectivity
is typically in the range of 90 % or more. For example, nearly 97 % of hydrodeoxygenated
products were observed with ethyl heptanoate on bulk MoS>’” and about 90 % with
rapeseed oil on MoS2/ALOs%.

In analogy to HDS catalysis, coordinatively unsaturated sites (CUS) at the MoS: edges
are believed to play a crucial role also in HDO. These vacancies expose one or more
oxophilic Mo cations,” thereby providing an adsorption site for oxygenated reactants and
intermediates. DFT studies suggest an energetically favorable bidentate adsorption of
C=0 groups on pairs of neighboring Mo cations (occurring in more or less the same
fashion with fatty acids, fatty acid esters, and aldehydes).””%? Alternative adsorption
modes may involve monodentate coordination of the carboxylic OH group. Subsequent
hydrogen addition to the adsorbed reactant (Figure 3.5) relies on adjacent SH groups, in
analogy to what is known for HDS catalysis. In addition to their vital role in hydro-
genation, SH groups were proposed to act also as Brensted acids by protonating the
carboxylic OH group and thus leading to the elimination of H>O as the initial step of fatty
acid HDO.*# While the dual nature of SH groups (and S anions) is well established in
HDS,?”-1% it is questionable whether their acid strength is sufficient to protonate car-
boxylic acids. (Conversely, it can be speculated that carboxylic acids are sufficiently
strong to protonate basic S anions, thereby allowing a carboxylate anion to be formed.
However, this option seems to have been ignored in existing theoretical studies.) Sulf-
hydryl groups are also believed to play an important role in the elimination of oxygen
from the alcohol intermediate: As thiols are sometimes observed in small amounts during
HDO, it was suggested that the primary mechanism of alcohol DO may be a nucleophilic
attack of the hydroxyl carbon by an SH group (followed by HDS of the thiol).%” This is
difficult to prove experimentally as thiols may be formed also by H>S addition to

olefins.’”

Compared to unpromoted sulfides, Co-MoS; and especially Ni-MoS> may exhibit
substantial selectivity for CLR products. On Ni-MoS; there is generally a significant
correlation between the concentration of Ni and the selectivity for CLR products (Figure
3.7).204337 Accordingly, as the promoter content varies from study to study, it is not
surprising to see a corresponding variation in the selectivity to Cn-1 hydrocarbon products,

which may reach any value in the range of about 25 to 50 % for Ni-MoS; and about 20 to
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40 % for Co-MoS; (see refs. #-#447.96-37.90 and refs. #4946 respectively). Selectivities
substantially higher than 50 % have been reported as well in some cases, but those are

most likely associated with additional influences like high reaction temperature®’,

restricted reactivity of fatty acid methyl esters*/, or atypically high Ni content’’ as found
in some bulk Ni-Mo sulfides.
100 —
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Figure 3.7. Correlation of Ni content and CLR selectivity on supported and bulk Ni-Mo(W)S:2
catalysts (adapted from ref. 20 (A), ref. 57 (B), and ref. 43(C)). The dashed line serves as guide for
the eye only.

CLR on promoted MoS; has been attributed to the presence of segregated promoter
metal sulfides, such as Ni3S», NigSg, and Co9Sg (see section 2.3.5). This is consistent with
the high preference for CLR of these phases when used in their pure form (i.e., in absence
of MoS;). Most notably, Ni sulfides (NiSx) are essentially inactive for HDO and in most
cases exclusively form CLR products.”**? However, the exact mechanism by which NiSx
catalyze CLR is not fully understood, and atomic-level descriptions of the active species
are scarce. Considering that Ni metal is highly selective for CLR (as are all group 10
metals), it can be speculated that metallic Ni formed by in-situ reduction of NiSx might
be the true active species. While there is no experimental evidence to support this claim,
it has been shown by theoretical methods that the native NiSx surface already exhibits a
metal-like character without in-situ reduction to zero-valent Ni./’’ A combined

theoretical-experimental DO study’” similarly found that the Nis triangular facets of Ni3S»
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closely resemble the situation on metallic Ni, thereby enhancing the formation of surface

intermediates (ketenes) that enable CLR via decarbonylation.

The combined evidence strongly supports the idea that the CLR activity of promoted
MoS; can be at least partly explained by the presence of segregated sulfides. It is,
however, difficult to determine how large this contribution is in relation to that of the
binary Ni-Mo-S phase (see chapter 5 for a detailed analysis of this problem). For example,
one study rules out segregated NiSx as a relevant contribution to CLR based on the low
concentration of this phase in a Ni-Mo0S2/ALLOs catalyst.** Other authors come to the
opposite conclusion and attribute CLR primarily to segregated Ni sulfides, as their DFT
calculations suggest that the key steps of CLR are thermodynamically less favorable on
Ni-Mo-S than on segregated NiSx.”” It is worth noting, however, that this line of argument
implicitly assumes thermodynamic control, while in reality kinetic effects might be

dominant.

1.5
= 1 Ni-MoS,
=
o
E
5 1
£ 1.0 CO'M082
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o0 77—
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HDS rate at 623 K (mmol m=2 h)

Figure 3.8. Correlation of surface-area normalized CLR and HDS rates of MoS2 promoted by
different transition metals, indicating similar reactivity for C-C bond scission of fatty acids and C-S
bond scission of dibenzothiophene (CLR data: ref. 29, HDS data: ref. 703),

The promoting effect of Ni on CLR shows parallels to the well-known promoting effect
of Ni on HDS (section 2.3.4.1). This is quite remarkable in view of the completely
different promoted reactions: i.e., cleavage of an essentially aliphatic C-C bond in the

case of CLR, and C-S bond scission in a sterically crowded, z-electron stabilized system
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in the case of HDS. It is not completely clear why this is the case, but the similarity
appears to exist also for other promoter metals (Figure 3.8). In the case of Ni, it has been
argued that the increased basicity of sulfur anions at the edges of the Ni-Mo-S phase
might play a key role.** These anions are believed to facilitate H-abstraction from the
reactants, thus promoting electron rearrangements that lead to the scission of the carbon-
heteroatom bond in HDS and a carbon-carbon bond in CLR (Figure 3.9)./%/ Note that the
rationalizations outlined above for NiSx and Ni-Mo-S may also apply to the corre-
sponding Co phases (and those of other promoter metals), but there seem to be only few

dedicated studies addressing this issue in detail.%*

R R i
H;\ 0 Hé‘g
H7 7 H™ N2 Hi—
| ¢=9 P
9,5,
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M

Figure 3.9. Basic sulfur anions (blue) in promoted MoS: facilitate key steps in C-C and C-S bond
scission. (A) a-H-abstraction from adsorbed carboxylate leading to a ketene that is subsequently
decarbonylated (see chapter 5). (B) a-H-abstraction from adsorbed acylium ion yielding CO and
Cn-1 olefin.%4 (C) H-abstraction from partially hydrogenated, adsorbed dibenzothiophene initiating
C-S bond scission.’ Blue arrows indicate movement of electron pairs. Symbols: M = Mo or
promoter metal; R = alkyl.

The pronounced promoting of effect Ni on CLR is sometimes also claimed for the HDO
pathway,’”%? while other studies® (including chapter 5 of the present work) have not
found such effects. Part of the discrepancy likely arises because of different definitions
of “promoting effect”. Quite often, it may refer to the conversion of intermediates (e.g.,
alcohol — alkane) and not to the overall reaction (e.g., fatty acid — alkane). It is true that
the concentration of alcohols and aldehydes tends to be lower on Ni-MoS» than on MoS,,
and a promoting effect on the conversion of these intermediates may therefore be given.

The conversion of the fatty acid reactant, on the other hand, is not accelerated signifi-

cantly by the presence of Ni (or Co).
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Abstract

Unsupported Ni-Mo sulfides have been hydrothermally synthesized and purified by
HCI leaching to remove Ni sulfides. Unblocking of active sites by leaching significantly
increases the catalytic activity for dibenzothiophene hydrodesulfurization. The site-
specific rates of both direct (hydrogenolytic) and hydrogenative desulfurization routes on
these active sites that consist of coordinatively unsaturated Ni and sulthydryl groups were
identical for all unsupported sulfides. The hydrogenative desulfurization rates were more
than an order of magnitude higher on unsupported Ni-Mo sulfides than on Al,O3-
supported catalysts, while they were similar for the direct (hydrogenolytic) desulfuri-
zation. The higher activity is concluded to be caused by the lower average electro-
negativity, i.e., higher base strength and polarity, of Ni-Mo sulfides in the absence of the
alumina support, and the modified adsorption of reactants enabled by multilayer stacking.
Beyond the specific catalytic reaction, the synthesis strategy points to new scalable routes

to sulfide materials broadly applied in hydrogenation and hydrotreating.
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4.1 Introduction

Unsupported hydrotreating catalysts are complex mixtures of transition metal sulfides
that may have synergistic and antagonistic interactions among different phases. For Mo-
based catalysts, the major constituents are pure MoS,, a Ni/Co-containing MoS, phase
having Ni and Co incorporated at the perimeter of the MoS» crystals, and a variety of
sulfides of Ni and Co. The promoting effects of Co and Ni are typically attributed to their
selective incorporation at the MoS; slab edge and to the associated generation of

sulfhydryl groups.’”

While these sites are active for hydrogenation and hydrodefunctionalization reactions
(hydrodesulfurization (HDS) and hydrodenitrogenation (HDN)), nickel or cobalt metal
sulfides (e.g., NiSx) have only sites with much lower activity.”#’ Though these latter
phases do not significantly contribute to hydrogenation and hydrodefunctionalization,
they may adversely affect the catalytic performance by adding inert mass and blocking
active sites at the MoS; perimeter. This complicates the evaluation of structure-function
relations,? as it obscures relations between chemical compositions, concentrations of

active sites, and catalytic activity.

Segregation into inactive phases is especially severe for unsupported sulfides because
sulfides with high catalytic activities require concentrations of promoter metal loadings
that inevitably lead to segregation into inactive phases. To unblock active sites, post-
synthetic removal of the confounding phases is a promising alternative. Phase diagrams
(Figure S4.1) indicate for Ni-Mo systems that this can be achieved via concentrated acid
treatment, selectively dissolving catalytically inactive forms of Ni, whereas Ni-associated
active sites and the overall catalyst structure composed of stacked MoS; slabs appear to

be unaffected.”’’

In the present study, we report on acid extraction as a preparative tool to obtain well-
defined Ni-Mo sulfide catalysts that have an exceptionally high site-specific activity for
hydrogenative desulfurization. Such cleaned mixed sulfides allow also relating nature and
concentration of active sites to catalytic properties and to corroborate recent insight into

active sites.”’
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4.2 Results and discussion

421 Selective removal of Ni sulfides

Ni-promoted parent MoS; catalysts were prepared via hydrothermal synthesis and were
subsequently treated with concentrated HCI (pH =-1) to remove Ni sulfides (NiSx). This

treatment is named “leaching” or “acid treatment” in this paper.

Ni sulfides are not stable in highly acidic solutions (pH < 0)./? We observed dissolution
of NiSx when exposing the mixed sulfide catalysts to concentrated HCI, visible by a
greenish color of the solution due to the formation of aqueous Ni**, as well as by H>S
evolution. A substantial reduction (on the order of 20-30 %) of the mass of the acid-
treated catalysts was observed, while the MoS2 component remained unmodified. This
was verified by exposing MoS: to the identical treatment without observing significant
mass loss, H2S evolution, coloration of the solution,”® or a change in catalytic properties.
This shows that MoS; is effectively inert even in strongly acidic solutions, as long as

oxidants are absent (Figure S4.1).

X-ray diffraction patterns before leaching (Figure S4.2 A) show characteristic broad
reflections of polycrystalline MoS> (26~ 14, 33, 40, and 59 °), accompanied by sharp
reflections in the range of 20 =27-60 ° assigned to Ni subsulfides Ni3S, and NioSg.5/#7”
An approximate calculation of the S/Ni ratio (S/Ni=0.83—1.21) shows that NiSx phases
with x> 1 (e.g., NiSz, Ni3S4) might be also present. Note, however, that the estimated
S/Ni ratio may also include (X-ray) amorphous forms of NiSx or NiSx present at low

concentrations that are not visible by XRD.

The elemental composition (Table S4.1) of the parent catalysts was uniform, with
S/(Ni+Mo) atomic ratios of about 1.5 and Ni/(Ni+Mo) atomic ratios of 0.48—0.60. The
composition changed significantly after exposure to concentrated HCI. The atomic metal
fraction of Ni, Ni/(Ni+Mo), decreased from 0.48—-0.60 prior to leaching to 0.20-0.26 after
leaching, i.e., somewhat smaller than the typical optimum of 0.3-0.4 in supported
sulfides.”?!% Note, however, that the Ni/(Ni+Mo) ratio in most supported catalysts also

includes Ni atoms that are not associated with MoS,, such as cations in spinels formed
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with the A1,O;3 support.” The “effective” Ni/(Ni+Mo) ratio may thus be lower than 0.3—

0.4 and is speculated to be close to the values of the leached catalysts.

The extensive loss of Ni (69—77 %) was accompanied by a moderate, yet significant,
loss of sulfur (13-28 %), whereas the concentration of Mo was not affected. These
changes were also reflected in the X-ray diffractograms (Figure S4.2 B). The NiSx
reflections disappeared almost completely, while contributions of MoS» remained essen-
tially unchanged (broad reflections at 260~ 14, 33, 40, and 59 °), suggesting that the
structure of MoS> was retained after acid treatment. This is confirmed by particle size
analysis via transmission electron microscopy (TEM) and XRD line broadening, which
both suggest similar crystalline dimensions of the primary MoS> domains before and after

treatment (Table S4.1).

While the dimensions of the primary MoS, domains were barely affected by leaching,
fundamental changes in the overall morphology were observed. Scanning electron micro-
graphs (SEM) of the catalysts before acid treatment showed two major structural features
(Figure 4.1 A; see Figure S4.3 for supplementary micrographs). The bulk of the material
consisted of rod-shaped structures of about 100 nm in diameter and 0.5-2 um in length,
intermixed with randomly distributed, compact particles of irregular shape and sizes no
larger than 200 nm. These compact particles were absent after acid treatment (Figure
4.1 B) and their sizes in the parent materials agreed with those of the NiSx domains as
determined by XRD (about 75-150 nm). Thus, we assign the compact, irregular particles
to segregated NiSx.

Accordingly, we assign the refractory rod-like structures to a MoS:-rich phase, likely
containing the remaining Ni (Ni-Mo-S phase). The NiSx particles visible in SEM were
primary crystallites, while the rod-like MoS> phase is a secondary structure, composed of
nanometer-sized MoS, domains (Figure 4.1 E). We would like to point out that the rod-
like morphology was already present in the oxide precursors (Figure 4.1 D) and was
retained throughout sulfidation and acid treatment. Such structural features seem to be

common for hydrothermally prepared MoS;./#*

In the case of NiMo-4, we observed leaching-resistant agglomerates of 10—-50 nm
particles (Figure 4.1 F), a structural feature that was not present in the other catalysts, in

addition to the previously discussed MoS:-rods and compact NiSx crystals. Because of
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their refractory behavior in acidic solution, we conclude that the agglomerates are not
entirely composed of NiSx. We speculate that these entities are either MoS»-particles with

an atypical morphology or Ni sulfides encapsulated by MoS>.?’

Figure 4.1. Electron micrographs. (A) Scanning electron micrograph (SEM) of NiMo-3 before
leaching with enlarged view below showing MoS2 rods and compact NiSx particles in false color.
(B) SEM of NiMo-3 after leaching showing only MoS: rods. (C) SEM of NiMo-1 after leaching with
enlarged view below showing corrugated surface of MoS2 rods. (D) MoOs catalyst precursor used
in hydrothermal synthesis. (E) Transmission electron micrograph of sulfided NiMo-3 after acid
treatment. (F) SEM showing agglomerates of unidentified fine particles on NiMo-4 before
leaching.

Acid treatment led to substantially increased specific surface areas and pore volumes in

the first three catalysts (Table S4.1). This textural improvement is attributed to the
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uncovering of pore openings and corrugated surface regions previously blocked by NiSx
(Figure 4.1 C). Specific surface areas were roughly doubled by acid treatment for all but
NiMo-4-p, for which specific surface area and pore volume were not significantly

affected (see the discussion accompanying Figure S4.1).

Based on elemental composition, XRD, TEM, and SEM we conclude that segregated
NiSy is removed selectively without affecting the structural integrity of the MoS»-rich

constituent. We speculate that the acid-resistant Ni is incorporated in MoSo.

4272 Interatomic coordination

Extended X-ray absorption fine structure (EXAFS) at the Ni K-edge indicates a similar
NiSx phase mix in all of the parent catalysts (Table S4.2), which is consistent with XRD
results (Table S4.1). Because the spectra (Figure 4.2) could be modeled satisfactorily
using only Ni-S and Ni-Ni scattering paths (Table S4.3), we hypothesize that the fraction
of Ni atoms in the promoted Ni-Mo-S phase is small compared to the number of Ni atoms
in segregated Ni sulfides (see Figure S4.4 for the complete set of spectra in k- and R-
space). This is supported by the analysis of chemical composition before and after
leaching (Table S4.1), which suggests that more than 70 % of Ni in the parent samples is
present as acid-leachable Ni sulfides. After leaching, by contrast, we found that a Mo
scatterer at 2.86 A was required to fit the data. This is in good agreement with literature

I.eportsl6—l8,2]—25

and also with the overall picture drawn by the other characterization
techniques, i.e., as the majority of segregated NiSy is removed during acidic treatment,
Ni-Mo contributions from the promoted Ni-Mo-S phase become more predominant in

relation to contributions from NiSx.

In addition to the appearance of a Ni-Mo contribution, we also found that average Ni-S
distance was significantly and consistently smaller after leaching (2.22 A compared to
2.26 A). This distance is too short for crystalline Ni sulfides (Table S4.3) and clearly
shows that a significant part of the Ni atoms in acid-treated catalysts is not located in

segregated NiSx phases. In agreement with reports on supported sulfides,?/?%?#

we con-
clude that the short Ni-S bonds are associated with the Ni-Mo-S phase. Figure 4.2 C
shows a possible configuration of Ni at the metal edge of MoS: that is consistent with the

observed EXAFS parameters (see also Table S4.2 and accompanying discussion).
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Figure 4.2. Results of XAS at the Ni K-edge and structural model. (A) Top row: magnitude (black)
and imaginary part (grey) of the k3*-weighted Fourier-transform before leaching (left) and after
leaching (right) with best fit (dashed line). Bottom row: k3*-weighted EXAFS and best fit (dashed
line) before (left) and after leaching (right). The distance between two vertical tick marks is 5A-3
(k-space) and 5 A+ (R-space). See Figure S4.4 for EXAFS of NiMo-1, NiMo-2, and NiMo-4. (B)
Top: normalized near-edge absorption (Eo =8333 eV) of Ni-Mo sulfide catalysts, NisSz, and Ni
metal. The inset shows an enlarged view of the pre-edge. Arrows highlight features discussed in
the text. Bottom: derivative of normalized absorption of NizS2, NiMo-3-p, and NiMo-3-L.
Continuous and dotted lines correspond to parent and leached samples, respectively. (C)
Proposed local environments of Ni derived from EXAFS results. Single Ni atom incorporated at
the metal edge and neighboring Ni atoms incorporated at the sulfur edge of MoS2 shown from
different perspectives (2D projections to scale, 3D representation schematic). The numbers
indicate the distance to the Ni absorber in A (absorber denoted with asterisk).
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Leaching-associated changes were also noticed in the Ni-Ni coordination, which
appeared at a significantly larger average distance of 2.63 A instead of 2.56 A in the
parent sulfides (Table S4.2). The fact that Ni-Ni scattering was still observed after
leaching could indicate that some NiSx phases persisted after HCI treatment. On the other
hand, Ni-Ni scattering is not necessarily associated only with segregated Ni sulfides and
could also originate from neighboring Ni atoms in Ni-Mo-S. One example of a dinuclear
Ni-Ni entity that is consistent with the present EXAFS analysis is shown in Figure 4.2 C
for the sulfur edge (see also Table S4.2 and accompanying discussion). Based on DFT
calculations, such Ni-Ni pairs were proposed and predicted to be stable.’®?” The sug-
gested structure at the sulfur edge closely resembles the main structural motif of naturally

occurring NiS (“Millerite”).

Analysis of the near-edge structure (XANES) highlighted further important differences
between parent and leached sulfides. Both the intensity of the pre-edge feature (1s-3d
transition) and the edge energy were found to qualitatively correlate with the NiSx content
(Figure 4.2 B). The pre-edge signal at approximately 8332 eV was most intense in the
Ni3S; reference, followed by the parent catalysts and finally by the leached catalysts, in
which it was barely noticeable. This sequence reflects the fact that tetrahedrally coor-
dinated Ni, such as in Ni3S2, typically exhibits a more intense pre-edge than Ni in
Ni-Mo-S.?* The gradual weakening of the pre-edge in the sequence Ni3S> > NiMo-p >
NiMo-L was accompanied by a blue-shift in the edge-energy following the same sequence
and pointed to changes in the overall electron density of Ni. The gradual shift suggests
that the average oxidation state of Ni increases as edge-incorporated Ni atoms become
more and more significant in concentration compared to NiSx (a mixture of phases with

formal oxidation states +1.3 to +2).

4.2.3 Distribution of Ni among active and inactive phases

To analyze the distribution of Ni among active (Ni-Mo-S) and inactive (NiSx) phases,
we compare the total Ni content to the maximum concentration of Ni that could be
theoretically incorporated at the edges (Figure 4.3 E). The latter is given by the number
of edge metal atoms and may be estimated from TEM data using a geometric model (see

supplementary methods). The analysis of the parent catalysts clearly shows that much
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more Ni is present than potential sites that exist at MoS; edges (Figure 4.3 E). Even after
acid treatment, the residual amount of Ni exceeds that of available edge positions. If we
further consider that usually not all edge sites can be occupied by Ni, the discrepancy
becomes even more pronounced. Thus, we reason that also leached catalysts contain some

segregated Ni sulfides or small NiSx clusters.
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Figure 4.3. Ni distribution among active and inactive phases. (A) Representative SEM micrograph
and (B) schematic representation of NiMo-3 before leaching, showing secondary rod-like MoS:
phase intermixed with crystalline NiSx. (C) Enlarged cross-section of the corner of one rod-like
particle before leaching. (D) Cross-section after leaching. (E) Comparison of total amount of Ni
present in the catalysts ("Ni total" determined via elemental analysis) with amount of available
edge positions ("Metals at edge" determined via TEM) before and after leaching.

Thus, we conclude that the removal of NiSx was not quantitative. This raises the
question about the nature of such acid-resistant NiSx phases. While XRD showed that Ni
sulfides were absent after leaching (Figure S4.2), the remaining NiSx might exist as X-
ray amorphous domains. However, as Ni sulfides are readily soluble in concentrated HCI,
such acid-resistant NiSx phases are concluded to be at inaccessible locations, for example,
within the rod-like structures (Figure 4.3 A to D) or in the form of MoS;-coated particles.’
Being confined by the densely packed MoS» matrix, the size of such NiSx domains may

be rather small. EXAFS of leached samples (Table S4.2) supports the hypothesis of
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internal NiSx reservoirs by showing a Ni-Ni contribution similar to that of bulk Ni

sulfides.

Having hypothesized that internal NiSx phases may be present after leaching, we are
now in a position to estimate their proportion among the pool of Ni species (see supple-
mentary methods and discussion of Table S4.4). For this, we compare the amount of edge-
incorporated Ni to the total amount of Ni in the catalysts. We employed nitric oxide (NO)
chemisorption to determine the concentration of Ni atoms at the accessible surface, which
we then extrapolated to the inaccessible bulk of the material. The implicit assumption is
that NO adsorbs predominantly on Ni-associated edge sites and that MoS; domains in the
bulk (“internal MoS>”, Figure 4.3 D) have the same degree of edge substitution by Ni as
those at the accessible surface (“accessible MoS»”, Figure 4.3 D). The results suggest that
24-40 % of Ni atoms in the leached catalysts are incorporated in Ni-Mo-S (Table S4.4),
while the remainder of 60-76 % exists as inaccessible NiSx. The corresponding figures
for the parent catalysts indicate a much lower incorporation of Ni, with only 8—10 % of
all Ni atoms located at MoS: edges. This is fully consistent with the conclusions from
EXAFS, suggesting that the contribution of edge-incorporated Ni atoms prior to leaching

was masked by the much more predominant NiSx phase mix.

As for the degree of edge substitution by Ni, we determined values of 3143 % for three
of the leached catalysts, which is in good agreement with typical maxima reported in the
literature.’*?” In the case of NiMo-4-L, the calculated edge substitution degree was
significantly higher than in the other catalysts (78 %). Alternatively, this large value could
indicate that the fraction of edge metal atoms (derived from TEM) was underestimated
because particularly small MoS; particles may be present in this material. Figure 4.1 F
shows a very heterogeneous distribution of secondary structures, i.e., rods and agglo-

merates, for this particular sample.

424 Dibenzothiophene hydrodesulfurization

Having shown that accessible Ni sulfides are removed selectively by acid treatment, we
now discuss its catalytic consequences for the hydrodesulfurization (HDS) of dibenzo-
thiophene (DBT). The conversion of DBT follows two distinct pathways, hydrogenation
(HYD) and hydrogenolysis (also referred to as direct desulfurization or DDS./3%-3? In
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DDS, C-S hydrogenolysis to biphenyl (BP) takes place first and aromatic ring saturation
occurs later. In the HYD route, the initial step consists of a gradual saturation of one
aromatic ring to vyield 1,2,3,4-tetrahydro-DBT and 1,2,3,4,4a,9b-hexahydro-DBT
(4HDBT and 6HDBT, respectively). This is followed by hydrogenolysis of the C-S bond
to cyclohexyl benzene (CHB), which is then hydrogenated to the final product bicyclo-
hexyl (BCH). Note that this sequence may contain other (short-lived) intermediates such
as the reactive thiol (CHB-SH) shown in Figure 4.4 A, which we directly observed via
mass spectrometry. Dihydrodibenzothiophenes (a possible class of intermediates
involved in both HYD and DDS?? or 2-biphenylthiol (an intermediate formed after the
cleavage of the first C-S bond along the DDS path?*®) was not detected.
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Figure 4.4. Dibenzothiophene (DBT) hydrodesulfurization network and measured selectivities. (A)
Reaction network. (B) Selectivity for direct desulfurization (DDS) and hydrogenation (HYD) of
dibenzothiophene on Ni-Mo sulfide catalysts before and after acid treatment as a function of
temperature (trickle-bed reactor, 280-330 °C, 50 bar total pressure (Hz2), 1 wt% DBT in decalin,
gas/liquid = 500 Nm3*/Nm?3, WHSV =1).

The main products under most conditions were biphenyl (BP) and cyclohexyl benzene
(CHB). Relevant concentrations of partially hydrogenated intermediates (4HDBT and
6HDBT) were only observed at low conversions and temperatures < 290 °C, while the
fully saturated product, bicyclohexyl (BCH), was never observed in significant concen-
trations. On parent and leached MoS:, we also observed a CHB-SH intermediate (with
the SH group at the aromatic ring) at low conversions and temperatures. The parent

catalysts converted DBT predominantly via the HYD pathway (Figure 4.4 B). With

increasing temperature, the selectivity to DDS increased substantially but never exceeded
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that of HYD. This preference contrasts that observed for supported catalysts (e.g., ~90 %
DDS and ~10% HYD on a sulfided Ni-Mo/AlO3 sample, see Table S4.5; also see
refs. ¥%). Varying the residence-time at 330 °C resulted in constant DDS and HYD
selectivity over the whole range of DBT conversions (<45 %) on MoS; and Ni-Mo
sulfides (Figure S4.5). Thus, the product distribution in the present analysis only depends
on the temperature and is not affected by the simultaneous changes in DBT conversion,
1.e., the selectivities of different catalysts at a specific temperature can be compared

directly.

Table 4.1. Initial DDS and HYD reaction rates and apparent energies of activation.

Initial rates Ea
Catalyst (mmol g* b or mol moluo™" h') 2 (kJ mol1) b
Total DDS HYD Total DDS HYD

NiMo-1-p  1.5(0.36) 0.58 (0.14) 0.96(0.22) 152+ 4 177 £ 4 140 + 5
NiMo-2-p  1.4(0.34) 0.46(0.12) 0.89(0.22) 1645 239+12 1456
NiMo-3-p 2.6 (0.49) 1.0 (0.19) 1.6 (0.30) 153+10 17612  142+9
NiMo-4-p  6.9(2.02) 2.1 (0.63) 47 (1.39) 1514 205+ 9 136 + 4
MoSz-p 2.5(0.39) 0.46(0.07) 2.0 (0.32) - - -

NiMo-1-L  2.3(0.41) 0.83(0.15) 1.5 (0.26) 1475 174+ 8 135+ 5
NiMo-2-L ~ 2.9(0.53) 1.1 (0.20) 1.8 (0.33) 1575 22012  138%5
NiMo-3-L  4.5(0.86) 1.6 (0.30) 2.9 (0.56) 144 +3 170 £ 5 134+ 3
NiMo-4-L  11.0 (2.23) 3.7 (0.73) 7.7 (1.50) 156+ 4 214+8 139 + 4
MoS2-L 2.4(0.39) 0.41(0.07) 2.0 (0.32) - - -

2 Initial rates (x5 %) at 330 °C; values outside and in the parentheses are normalized to the
catalyst mass and to the total amount of Mo, respectively. ® Temperature range: 280-330 °C.
The product distribution in the whole temperature range was very similar on all parent
Ni-Mo sulfide catalysts (for example, Suyp =62—-69 % and Spps =31-38 % at 330 °C).
This implies a similar composition of active sites, i.e., a similar distribution of Ni among
DDS- and HYD-selective sites. At the same time, however, substantial differences in the
distribution of Ni among active (edge-incorporated Ni) and inactive (NiSx) phases must
exist. We conclude this from the considerable variations in HDS activity (rups=1.5—
6.9 mmol g'' h'!, Table 4.1), which does not track the almost constant Ni content (7.0—
8.8 at%, Table S4.1). This discrepancy arises because mass specific activity is not only
determined by the concentration of incorporated Ni but also by the proportion of inert

mass (NiSyx) and to the extent NiSx blocks active sites.
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The mass-specific rate increased by a factor of 1.6-2.3 after leaching, which clearly
exceeds the sole effect of mass loss (Figure S4.6 A). Assuming all sites are equally active,
we estimate the fraction of sites blocked by NiSx in the parent catalysts to be between
0.05 and 0.46. A correlation between the fraction of removed mass and the extent of site

unblocking was not observed (Figure S4.6 B).

Despite the marked effect on reaction rates, the product distribution was essentially
unchanged after acid treatment (Figure 4.4 B), which implies that DDS and HYD
pathways were enhanced by the same factor. This leads to the conclusion that newly
exposed and pre-existing active sites are identical. Acid leaching also did not significantly

alter activation energies (£4) as shown in the parity plot in Figure S4.7.

Activation energies (Table 4.1) for the HYD pathway were consistently lower than those
of the DDS pathway, which agrees with the fact that the rate determining step differs
between the two pathways. It is noteworthy that £4nyp was nearly identical, whereas
E4pps showed considerable variations among different catalysts (Table 4.1). While the
E.1nyp values (134-139 kJ mol™) indicate a corresponding uniformity of HYD-selective
sites, the E4pps values vary in a relatively broad range, as multiple types of DDS sites
differing in the steric environment and the basicity of the remaining S* anions in the
vicinity of the vacancy exist at S- and Mo-edges.*® More studies are, however, needed to

differentiate between these two options.

4.2.5 Structure-Activity Relations

Despite the complexity of active sites, agreement exists on the key roles of
coordinatively unsaturated sites (CUS or “sulfur vacancies”) and sulthydryl (SH) groups.
The most important function of CUS is to coordinate with the organic sulfur (¢ or #'(S)
adsorption for DDS of less sterically hindered S-containing molecules), while also
providing a pathway for activating hydrogen and transiently forming SH. Hydrogen is
provided by nearby SH groups for both DDS and HYD.?” We have recently highlighted
the direct role of SH groups in aromatics hydrogenation over supported sulfides and found
that SH groups associated with Ni edge atoms exhibited a constant intrinsic activity
independent of the overall composition of the catalyst.!/ Applying this analysis, CUS and
SH groups were quantified using NO chemisorption and steady-state H»/D» isotopic
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exchange. We would like to point out that SH groups present under the conditions of NO
chemisorption are likely to undergo NO/SH exchange and may thus be titrated along with
CUS. In the following, we choose to include these SH groups, converted to CUS, in the
total CUS count unless otherwise specified. Total CUS concentration was calculated
directly from NO uptake assuming dinitrosyl-type adsorption,®®*’ whereas SH con-
centration is represented indirectly by a proportional quantity, that is, Ha/D> isotopic
exchange rates (IER). Note that H/D exchange is directly involving SH, but CUS are part
of the catalytically active site.”” Both methods are discussed in more detail in connection

with Table S4.6 and Figure S4.8 in the supplementary materials.

The linear correlation between CUS concentrations and the IER values observed for the
leached series of catalysts (Figure 4.5 A) indicates that CUS are needed for H/D
exchange. The absence of such a functional dependency for the parent samples demon-
strates that a major fraction of CUS exist in an environment that does not have a large
concentration of SH groups. We surmise that these are a fraction of CUS in NiSx. The
direct proportionality suggests a fixed ratio between CUS and SH sites in the treated
samples as we have also observed with supported sulfide catalysts.!’ Therefore, we used
the CUS concentration (half of NO uptake) as a quantity for the concentration of active
sites in the studied materials, while noting that some of the CUS from non-promoted sites

contribute only to a minor extent to DDS and HYD activities.
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Figure 4.5. Correlations between the reaction rates, isotopic exchange rate (IER) and the total
CUS concentration. (A) IER as a function of total CUS concentration (normalized to total Mo
content) as determined by NO chemisorption on parent (closed symbols) and leached catalysts
(open symbols). Note that the factor 0.5 on the x-axis results from assuming dinitrosyl adsorption
at Ni-associated edge sites. (B) Initial DDS rate and (C) initial HYD rate normalized to surface
area as a function of total CUS surface density in parent (closed symbols) and leached catalysts
(open symbols).
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Figure 4.5 B shows DDS and HYD rates of parent and leached catalysts as functions of
areal CUS concentrations. For the leached samples a direct linear dependence of the rates
was observed for both reaction pathways, DDS and HYD, substantiating the absence of
accessible, inactive NiSx phase (i.e., they are located at inaccessible spaces as discussed
earlier) that would distort the linearity. This suggests that the turnover frequency, based
on total CUS, was identical for these samples, the one for DDS (70 h'') being about a
factor of 2 lower than for HYD (140 h™!). Similarly, CUS-normalized turnover frequencies
were also estimated for the DDS and HYD routes over a sulfided Ni-Mo/Al,Os catalyst
(with a similar average slab length but a lower stacking degree than the bulk sulfides; see
Table S4.5). The TOF of DDS was 97 h'!, comparable to that obtained on bulk sulfides,
whereas the TOF of HYD was only 9 h'!, which was about 15 times smaller than that on
bulk sulfides. The results suggest that the intrinsic catalytic activity of sites for DDS is
rather insensitive to the variations in the geometric and electronic properties of the sulfide
phase when changing the support (Al2O3 or the sulfide itself). In contrast, sites active for
HYD appear to have a much greater structure sensitivity arising from support-induced
variations in the ability to stabilize SH groups (originating from CUS) and the intrinsic
activity of SH in mediating H-addition. We tentatively attribute this to the absence of Mo-
O-Al linkages, leading to a higher polarity of metal-sulfur bonds and thus to an increased
stability and concentration of SH groups. Apart from these considerations, it is worth
noting that also differences in stacking likely contribute to the enhanced HYD activity of
bulk sulfides.”’ In particular, it is expected that flat adsorption of DBT (via dispersive
interactions with the 7-aromatic system) is possible on the multilayered sulfides, while

being at least unfavorable on monolayer-dominated Ni-Mo/Al,Os (Table S4.5).

Unpromoted MoS; exhibited a significantly smaller areal concentration of CUS, con-
sistent with its greater metal-sulfur bond strength (> 160 kJ mol!) than those in NiSx
(<100 kJ mol!) and the Ni-Mo-S phase (120-130 kJ mol™!).> While the much higher
activity of NiMo catalysts compared to that of MoS; is well documented in the literature
on HDS, we notice here that the difference in the TOFs between non-promoted Mo sites
and promoted sites was significantly smaller for the HYD pathway than for the DDS
pathway (Figure 4.5 B and C). In this connection, we note that TOFs of hydrogenation of

141

aromatics, e.g., biphenyl”', decrease in a much less pronounced manner than TOFs of

desulfurization reactions, with M-S bond energies increasing beyond the optimal values
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(120-140 kJ mol™), i.e., going from Ni-MoS: to MoS,. These observations seem com-
patible with the consideration that H-addition rates are jointly affected by M-S and S-H
bond properties, in contrast to the rates of direct C-S cleavage that are mainly determined

by the nature of M-S bonds.’
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4.3 Conclusions

Acid treatment removes a large fraction of NiSx from Ni-Mo sulfide catalysts, leading
to highly active materials, whose activity depends solely on the concentration of active
sites consisting of CUS and SH groups. While the majority of Ni after such treatment is
incorporated in the Ni-Mo-S phase, a remaining fraction of NiSx exists in the interior of

secondary MoS; structures.

Unblocking of previously covered (sterically inaccessible) active sites and elimination
of catalytically inert mass jointly increase HDS rates. After leaching, all Ni-Mo sulfides
show the same TOF (CUS-normalized) for DDS and HYD (70 and 140 h™!, respectively,
at 330 °C). The rate of the HYD pathway is significantly higher on bulk Ni-Mo sulfides
than that observed on the Al,Os-supported catalyst, which showed much higher selectivity
to DDS (~90 %). The relative rates for the two pathways are not affected by acid
treatment, implying that uncovered sites have the same properties as those accessible in
the parent bulk sulfides. Strikingly, the DDS turnover frequencies were nearly identical
for bulk and supported Ni-Mo sulfides. Therefore, we conclude that reaction pathways

for DDS are insensitive to support effects.

However, the HYD turnover frequency on the CUS related active sites of bulk sulfides
were more than an order of magnitude higher than that obtained for Al,Os-supported Ni-
Mo sulfide catalysts. At present, we note two possible explanations for this unusually high
rate. On one hand, the absence of sulfide-Al>O3 interactions leads to a lower averaged
Sanderson electronegativity and a higher polarity of the metal-sulfur bonds, altering the
bonding of the reactants and the stabilization of reactive intermediates as well as the
concentration of SH groups. On the other hand, we would like to point to the substantial
morphological differences, in particular, stacking degree, and their implications for

reactant adsorption.

While these hypotheses require more investigations, the present study shows a
promising guideline to maximize the catalytic activity in Ni-Mo-S based catalysts
especially for the hydrogenation pathway, which is of central importance for the hydro-

desulfurization of very heavy feedstocks.
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4.4 Materials and methods

4.4.1 Catalyst preparation

Mixed metal oxide precursors were synthesized by hydrothermal reaction’”’ of
molybdenum(VI) oxide (MoOs, Sigma, 99.5 %) and nickel(Il) carbonate hydroxide
tetrahydrate (2 Ni(CO3)2 - 3 Ni(OH)2 - 4 H2O, Aldrich, 45.0-52.5 % Ni) in a PTFE-lined,
stainless steel autoclave of 80 mL volume. Mo oxide was suspended in 50 mL of
deionized water followed by the addition of Ni carbonate. The following amounts of Mo
oxide and Ni-carbonate were used for NiMo-1, NiMo-2, NiMo-3, and NiMo-4,
respectively: 1.92 g and 0.82 g; 1.73 gand 0.98 g; 1.44 g and 1.22 g; 1.15 g and 1.47 g).
After sealing the vessel, the reaction mixture was heated in a rotatory furnace (30 rpm) at
a rate of about 10 °C min™! to 175 °C and kept at this temperature for 17 h. The autoclave
was cooled to room temperature in a water bath and the solid material separated by
filtration. After drying at 120 °C (in air) for 12 h, the yellow-greenish precipitate was

ground to a fine powder and pressed into pellets of 255-350 um diameter.

For sulfidation, about 500 mg of oxidic precursor was mixed with 1.5 g of SiC (ESK,
63-90 um) and placed in a glass-coated, stainless steel tubular reactor of 4 mm internal
diameter. The material was then dried for 1 h at 120 °C (ramp: 1 °C min™") under nitrogen
flow at ambient pressure (100 mL min™ gea!). Subsequently, nitrogen was replaced by
hydrogen (200 mL min! gea!) and the pressure increased to 2.0 MPa. At the same time,
a solution of DMDS (dimethyl disulfide, Aldrich, 99 %) in decalin (Merck, 99 %),
adjusted to contain 8 wt.% sulfur, was introduced into the reactor at a rate of
0.4 mL min™ ges! and maintained till the end of the sulfidation procedure. During
sulfidation, temperature was increased from 120 to 250 °C at a rate of 1 °C min™' and kept
at this temperature for 4 h. This was followed by a final heating phase at 350 °C (1 °C
min™") for 2 h. The gas/liquid flow and the pressure were maintained until the reactor was
cooled to room temperature. The reactor was then successively purged with toluene,
hexane, and nitrogen to fully remove any residues of the sulfidation feed. Finally, the
sulfided catalyst pellets were separated by sieving and stored under nitrogen until use.

Catalyst samples denoted as “parent” (suftix “-p’) were not treated any further.
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In addition to the mixed Ni-Mo sulfides, a MoS; and a Ni3S; reference sample were
included in the study. MoS; was prepared by dissolving 8.29 g of ammonium
heptamolybdate tetrahydrate ((NH4)sMo07024-4 H2O, Merck, “extra pure”) in 40 mL
water and adding 65 mL of aqueous ammonium sulfide solution (20-24 wt% (NHa)2S,
Aldrich, 99 %). The mixture was stirred at 60 °C for 1 h and then cooled in ice for 3 h.
The red crystals of ammonium tetrathiomolybdate ((NH4)>MoSs) were washed
successively with cold water and cold acetone and then dried in ambient air over night at
room temperature. The material was ground and pelletized to particles of 255-350 um
diameter. MoS> was obtained by subsequent heating in hydrogen (100 mL min! g'!) to
400 °C at a rate of 3 K min™ and holding this temperature for 4 h.

NizS; was prepared by dissolving 10.9 g of Ni(Il) nitrate hexahydrate (Ni(NO3); -
6 H20, Alfa Aesar, 99.9985 % (metals basis)) in 150 mL water and slowly (1.5 h) adding
a solution of 6.00 g sodium sulfide nonahydrate (Na>S-9 H,O, Aldrich, 99.99 % (metals
basis)) in 150 mL water. The black precipitate was successively washed with water and
acetone, dried overnight in vacuum and pelletized to particles of 255-350 um diameter.
To obtain Ni3S2, the material was first heated to 300 °C at a ramp rate of 3.3 °C min’! in
H>S (10 % in Hz, 40 mL min™' g'') and held at this temperature for 3 h. Then, the flow was
changed to hydrogen (40 mL min"! g'!) and the temperature held for further 4 h before

naturally cooling to room temperature.

For acid treatment, a portion of the parent sulfide, approximately 200 mg, was placed
in a wide beaker and the pellets fully covered with about 10 mL of concentrated hydro-
chloric acid (Fluka, 37 %, fuming, trace analysis grade). After 1 h at room temperature,
the greenish solution (colorless in the case of MoS»2) was decanted and discarded, before
a new portion of HCI was added to the pellets. This procedure was repeated 3 times per
sample. Subsequently, the pellets were washed several times with water, and finally, with
acetone before being left to dry at room temperature in ambient air over night. Samples

subjected to acid treatment are denoted as “leached” (suffix “-L”).

4.4.2 Characterization

Elemental analysis of sulfided catalyst samples was performed by acidic digestion and

subsequent photometric determination using a Shimadzu UV-160 photometer (for Ni,
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Mo). An Elementar Vario EL combustion analyzer was employed for CHNS analysis.
Textural parameters were determined by nitrogen physisorption using an automated PMI
Sorptomatic 1990 instrument at liquid nitrogen temperature. The samples were outgassed
in vacuum at 120 °C for 2 h prior to adsorption. Specific surface areas were obtained by

applying BET theory on the adsorption branch of the isotherms.

X-ray diffraction (XRD) was performed on a Philips X Pert Pro diffractometer in
Bragg-Brentano geometry using Cu-Ka radiation (Koo/Kai = 0.5) operating at 45 kV and
40 mA. XRD measurements were carried out using a rotating zero-diffraction plate
(single crystal of Si cut in special orientation). The step size was fixed to 0.017 °0 with a
dwell time of 115 ms per step. Crystallite sizes were determined using the Scherrer

equation (see supplementary methods).

Scanning electron micrographs were obtained on a JEOL JSM 7500F instrument using
secondary electron detection and operating at an acceleration voltage of 1.0 kV. Trans-
mission electron microscopy was performed on a JEOL JEM-2011 instrument at an
acceleration voltage of 120 kV. Prior to analysis, the samples were suspended in absolute
ethanol and dispersed ultrasonically before being deposited on a carbon coated copper

mesh.

Hydrogen-deuterium isotopic exchange was carried out at 100 °C and ambient pressure
in a fixed-bed reactor attached to a mass spectrometer. The catalyst pellets, typically
100 mg, were placed in a quartz tube of 4 mm inner diameter and then re-sulfided in a
flow of H2S (10 % in H, 100 mL min™' g'!) by heating to 320 °C (5 °C min™') and holding
this temperature for 2 h. During this procedure, desorption of water (m/z=18) was
noticed but no measurable uptake of H,S. After naturally cooling to room temperature, a
1:1 mixture of H> and D> in N> was introduced into the reactor at varying total flow rates,
while the ratio of the reactants was kept constant (17 vol% Ha, 17 vol% D», balance: N»).
HD concentration was monitored using the signal at m/z= 3. Initial HD formation rate
was calculated at conversions <5 % (Hz or D2) according to the following equation:

_ ﬂtotal
Yup = XHD ° _mmt 4.1)

where y is the molar fraction of HD, 14,44; 1s total molar flow to the reactor, and m.,; is

the mass of the catalyst.
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Nitric oxide chemisorption was carried out at ambient temperature and pressure
following H»>-D> isotopic exchange experiments. While under constant He flow
(100 mL min! g'!), a pulse of NO (10 % in He) was dosed into the reactor every 30 min
by an automated valve (24 pulses in total, 6.82 umol of NO per pulse). Specific NO
uptakes were calculated by subtracting each residual peak area (i.e., NO not adsorbed)
from the averaged peak area after saturation with NO and adding up the differences. NO

concentration was monitored using the signal at m/z = 30.

X-ray absorption spectra were collected at the P65 XAFS beamline at the PETRA 111
synchrotron light source at DESY (Hamburg, Germany). All data were recorded in
fluorescence yield mode at the Ni K-edge at 8333 eV using an Si (111) monochromator.
Energy alignment was performed by using a metallic Ni foil placed behind the sample
and measured at the same time (in transmission mode). The sulfided catalyst was diluted
with boron nitride and placed in a quartz capillary of 1 mm inner diameter. To ensure
complete sulfidation of the catalysts’ surface, the capillary was then heated from ambient
temperature to 350 °C at a rate of 5 °C min™' and held at this temperature for 1 h. A heated
gas blower (Oxford laboratories) was used for this purpose. Prior to re-sulfidation the
capillary with the catalyst was purged with He, after which the flow was changed to H>S
(10 % in Hz) and maintained during the whole procedure. The spectra (8133-8883 eV)
were recorded after cooling down to 30 °C and purging with He. Four spectra were
collected per sample, normalized to the absorption edge height, and averaged before
further data treatment. Energy-dependent edge height normalization, merging of spectra,
background subtraction, and self-absorption correction were done using built-in
capabilities of the ATHENA software package.”” Absorption edge height was determined
as the difference of extrapolated pre-edge and post-edge intensities. The k>-weighed
spectra were then Fourier-transformed in the k-range 3-10.5 A™! (parent) or 3-12.4 A’!
(leached) and multiplied with a window function to avoid cut-off effects (Hann function?
of width 1 A"). The EXAFS was fitted using the ARTEMIS software package?’ with
included IFFEFIT* functionality. Further details of the fitting model are explained in
detail in the supplementary methods.
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443 Kinetic measurements

In a typical run, about 25 mg of sulfided catalyst pellets (parent or leached) were mixed
with 1 g of SiC (63-90 um) and placed in the tubular reactor described above. The
reaction mixture was then fed to the reactor together with hydrogen at a total pressure of
5.0 MPa and a gas to liquid ratio of 500 (volumetric base). The liquid feed consisted of
1 wt% dibenzothiophene (DBT, Aldrich, 99 %) in decalin and 0.15 wt% of DMDS
(= 1000 ppm S). In temperature variation experiments, the weight hourly space velocity
(WHSV) was kept constant at 1.9 h™'. Where necessary (contact time variation), the
WHSYV was changed by adjusting the flow rate of liquid and gaseous reactants, while
keeping their ratio constant. After heating to reaction temperature (330 °C at 1 °C min™)
the catalyst was stabilized for a period of 12 h, after which liquid samples were collected
in periodic intervals (typically 3 samples per operating condition). The stability of the
catalyst was verified by comparing the conversion at the beginning and at the end of one

catalytic run at identical conditions.

Liquid reaction products were analyzed off-line in an HP 6890 gas chromatograph
equipped with a flame ionization detector and an HP-1701 fused silica capillary column
(14 % cyanopropyl-phenyl-methylpolysiloxane; 60 m x 250 pm x 0.25 pm). Quantifica-
tion was performed by external calibration with solutions of reference compounds of
known concentration. The carbon balance across the reactor was 97 % or better in the
studied range of conversions (typically <40 %). Conversion was calculated on the basis
of reacted DBT according to the following equation:

X = cppr(inlet)—cppr(outlet) 100 % (4.2)

cppr(inlet)

where nppr is the molar flow of DBT at the reactor inlet and outlet, respectively. The
selectivity for the DDS pathway was based on the BP product, while the selectivity for
the HYD pathway was based on the sum of 4HDBT, CHB, and BCH. Selectivities were

calculated as follows:

Spps = °BP 100 % (4.3)

Cpp+C4HDBTtCCHBTCBCH

C4HDBT *CCHB+CBCH
Shyp = -100 % (4.4)
Cpp+C4HDBTTCCHB1TCBCH
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where c; is the concentration of the respective product at the outlet of the reactor. Rates

were directly calculated from selectivity and conversion according to the following

equations:
Tppr = 10);% : ﬁDB:l(CZlet) 4.5)
Tpps = 15(?0[105/0 ' 10);% ' ﬁDB;L(CZlet) (4.6)
@)

where X and S; are the conversion and selectivity, respectively, npgr(inlet) is the molar
flow of DBT at the reactor inlet, and m,; is the catalyst mass. Note that the resulting
rates are considered as initial rates, irrespective of conversion, because DBT consumption
followed an apparent zero order dependence in DBT. Further, DDS and HYD selectivities

were not dependent on conversion (see Figure S4.7).
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4.7 Supplementary methods

47.1 Calculation of mass loss

The simple comparison of elemental composition before and after acid treatment does
not allow any conclusions about the loss of one specific component because calculating
the “loss” requires a fixed point of reference: i.e., a component that is not affected by the
treatment and may thus act as an internal standard. In this case, we normalized the atomic
fractions of interest to the fraction of Mo because the amount of Mo does not change
throughout the procedure. The refractory character of MoS: in acidic solution was verified
by exposing MoS; to the same procedure as the Ni-Mo sulfide samples. During acid
treatment of MoS> we did not observe anything indicating sulfide dissolution (i.e.,
coloration of the solution, gas evolution, mass loss). The loss of Ni and S with respect to

the initial amount of Ni or S is calculated according to equations S4.1 and S4.2.

=1 = (&ML . (EMo) ). ;
ANL—(l (XMO)L (XNL_)) 100 [% Ni] (S4.1)
=1 = (2 . (xme) ). 0
AS—<1 (XMO)L (XS )p) 100 [% S] (S4.2)
4.7.2 Approximate composition of Ni sulfides

Assuming an ideal stoichiometry of the MoS: phase, and assuming that Ni is exclusively

present in segregated Ni sulfide phases, we estimate the atomic S/Ni ratio as follows:

S/Ni = (Xs — 2" Xmo)/Xni (84.3)
with:

ANi loss of Ni relative to the initial amount of Ni % Ni

AS loss of S relative to the initial amount of S % S

Xi atomic fraction of element i mol mol!

p,L  indicates parent and leached samples —
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4.7.3 Particle (crystallite) size analysis via XRD and TEM

XRD line broadening analysis is performed by applying the Scherrer formula (eq. S4.4)
to the (002) reflection of MoS», located at about 20 = 14°. The resulting quantity H is the
mean stacking height of the coherently scattering MoS> domains (“stacks”). In TEM, by
comparison, a large number (j) of MoS: stacks are counted and the individual stacking
heights H; measured graphically and averaged (eq. S4.5). In both cases, the mean stacking
degree N is calculated from the stacking height according to eq. S4.6, where 0.62 nm is

the interlayer separation.

= KA
H[nm] = Feosd (54.4)
_ Y H;
H [nm] = ‘T (S4.5)
- 2
N=Sem (54.6)
with:
K Shape factor (= 0.9)
Wavelength of incident x-rays (0.15418 nm for Cu Ka)
B Line width at half maximum, corrected by instrumental line broadening

(0.1 rad)
6 Diffraction angle (°)

4.7.4 EXAFS fitting model

Ni-S, Ni-Ni, and Ni-Mo single scattering paths used in the fitting procedure were
calculated from crystallographic data using the ARTEMIS software package.?’ The built-
in FEFF6 program® was used to model Ni-S and Ni-Ni scattering paths from the NioSg
crystal structure.”® NioSg was preferred over other sulfide phases (Ni3S2, NiS) because it
contains a variety of Ni-S subunits in different configurations and thus closely reflects the
situation in the catalysts. To account for the eight different crystallographic positions of
Ni in NioSsg, we performed a so-called “aggregation” by running FEFF multiple times on
the same input file (but each time for a different crystallographic position of the absorber).

The Ni-Mo scattering path was modeled using the crystal structure of
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((CsHs)4P)2Ni(Mo0S4)2, in which Ni is coordinated by four S atoms (square planar) at a
distance of 2.23 A and by two Mo atoms at a distance of 2.80 A.*/

Each scattering path in the fit used an independent variable for the coordination number,
whereas some of the other parameters were set to be dependent upon each other. Energy
shifts, for example, were allowed to vary from path to path but were set to be equal for
all four catalysts in one group (i.e., parent group or leached group). A more severe
restriction was applied to the Ni-Mo scattering path, which not only used a common AEy
for all four leached catalysts, but also a common distance, and a common value for ¢°.
This is a strong but reasonable limitation: while Ni atoms may be incorporated in more
than one way (e.g., differently at sulfur and metal edges), the resulting local configura-
tions are probably identical for a set of closely related catalysts. In other words, the local
environment of a single Ni atom at a specific edge will look the same on two different
catalysts and produce identical fitting parameters. This approach works well under
condition that all included catalysts have a similar MoS> morphology and a similar
distribution of Ni among crystallographically different sites. However, if one catalyst
exhibits a distinct MoS, morphology, it could allow for additional local configurations of
Ni that are not well represented in the other catalysts. In this case, the evaluated common
parameters will not accurately represent the situation of this specific catalyst. We suspect
this to be the case for NiMo-4-L because its Ni-Mo coordination number (0.9) falls out
of the general trend (close to 2). This is supported by electron microscopy results, which

show some unique structural features that were not observed in the other catalysts.

The discussed restrictions are a result of the limited information content of the data,
which restricts the number of free variables. Spectral information was limited by the
upper boundary of the useful k-range (10.5 A™! for parent, and 12.4 A! for leached
catalysts). Oscillations beyond this range were dominated by noise. The useful range for
the reverse FT was limited to 1-3.2 A as there were no contributions beyond this distance.
With these limitations, about 2/3 of the available information were utilized for the fit
(estimated using the Nyquist criterion?®). The exact values are: 42 available independent
points for the simultaneous fit of the parent catalysts, of which 26 (=62 %) were used,
and 53 available independent points for the simultaneous fit of the leached catalysts, of
which 33 (=63 %) were used. Fitting of reverse Fourier-transformed spectra (“q-space”

fit) was done in terms of a conventional Levenberg-Marquardt non-linear minimization?’
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included in ARTEMIS. The fitting statistics are reported as a fractional misfit (“R-factor”)

between data and fit, calculated according to reference *’.

4.7.5 Calculation of the edge fraction

For a given MoS; stack, the edge fraction fy,, is given by the ratio of Mo atoms
exposed at edges (Mo, ) to the totality of Mo atoms (Mo) in that stack. Assuming a regular
hexagonal geometry, it is sufficient to calculate fy,, if the diameter (L) of the regular
hexagon is known. The diameter L of the stacks is obtained by statistically evaluating
such features in representative TEM micrographs. For convenience, the quantity n is
introduced (eq. S4.7), which is derived from L and gives the number of Mo atoms residing
along one side of the hexagon (Mo-Mo distance = 0.32nm). If the calculation is
performed for an ensemble of i stacks, the global edge fraction can be calculated
according to eq. S4.8. (Note: for the sake of simplicity, we use plain element symbols,
e.g., Ni or Mo, to refer to the number of atoms or moles of that element. An element

symbol without an index indicates the total number of atoms/moles of that element.)

L.
L1
MMog,i = ("3'“;—’") [Mo atoms] (S4.7)
Mo, 2i(6n;—6)
fito, = %5 = Sang—smesy 210 (54.8)

4.7.6 Calculation of the maximum amount of Ni incorporated at edges

For a specific catalyst, the maximum number of Ni atoms that can be incorporated at
the edges is given by the number of edge Mo atoms, i.e., Nigmax = M0e = fuy,o, - Mo,
where Mo is the total number of Mo atoms in that catalyst. We compare this to the actual

amount of Ni as determined by elemental analysis (cy;) according to equations S4.9 and

S4.10.

eni = — [m?‘”] (S4.9)

Mcat

ML M SN [ap%] (S4.10)

Nigmax Mo, fMogCMo
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4.7.7 Calculation of edge decoration

The term edge decoration (ED) refers to the degree of substitution of edge Mo atoms
by Ni (eq. S4.11). Note that Mo, stands for the total number of Mo at the edge in the
absence of Ni.

Nie

Mo,

ED =

[at%] (S4.11)

In practice, adsorption of probe molecules is used to quantify the areal concentration
(number density) of edge atoms, meaning that only accessible surfaces are measurable
whereas Ni and Mo atoms incorporated at the edges of inaccessible (“internal” or
“buried”) MoS: domains cannot be directly determined. Our approach to estimating the
global edge decoration (i.e., on the surface and in the bulk) is based on the assumption
that MoS; stacks at the accessible surface have the same degree of edge decoration as
those in the bulk (that is, a globally homogeneous distribution of Ni). Further, we assume
that the accessible stacks are randomly oriented. Under these assumptions, we may
extrapolate the properties of the average MoS; stack (with known dimensions from TEM)

to the whole catalyst.

From a geometric perspective, the fraction of edge area to total area (basal plane area +
edge area) for the whole catalyst ( feqge area) can be calculated from the known
dimensions of an ensemble of MoS; stacks, the shape of which is assumed as a regular
hexagonal prism (eq. S4.12). The index e or edge refers to edge planes and b to basal

planes, whereas H; is the height of one specific stack i and [; its side length.

— Ae — 2i(6'Hi'li) _0 S4 12
feage area Ac+Ap Zi(e.yi.lﬁz.(;/g.ziz)) [area-%] (54.12)

As alluded to above, the fraction of edge area is assumed to be equal for accessible and

inaccessible particles. Accessible surfaces are measured by N> sorption, i.e., SAggr (in

the unit of m? per g catalyst). Knowing this specific surface area and the fraction of edge

area, we obtain the accessible edge area (SA.qg4¢,acc.):

m? edge]

Bcat

SAedge,acc. = fedge area ’ SABET [ (S4-13)
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We approximate the concentration of accessible edge-incorporated Ni atoms (cy;,) via
nitric oxide (NO) chemisorption, assuming selective adsorption of NO dimers on
accessible edge-incorporated Ni atoms for the leached series (eq. S4.14). We discuss in a
separate section to what extent this assumption can be considered as being valid (see

discussions accompanying Table S4.4 and Table S4.6).

Cni, = Sozts 22 (S4.14)

2Meat g

The areal number density of Mo at edge-related surfaces (NDy;,, the number of Ni per
surface area of edge, in the unit of mol per m? edge) can be calculated from the accessible

edge area (SA ¢qge,acc.» €4- S4.13) and the above cy;,:

NDNie e [

_ mol ]
SAedge,acc.

m? edge

(S4.15)

The resulting areal number density NDy;, is valid across the whole catalyst, i.e., for the
edge planes of MoS; stacks at the accessible surface and also for the edge planes of

inaccessible MoS; stacks.

We now use geometric considerations to calculate the areal number density of Mo at
edge-related surfaces (NDy,,, the number of Mo per surface area of edge, in the unit of
mol per m* edge). Specifically, this quantity is calculated from A, ; (edge area of stack i),
l; (side length of stack i), ny,,; (number of Mo atoms residing along one side of the
hexagon with side length [; , see eq. S4.7), and N; (stacking degree of stack i), all of

which are obtained from TEM measurements:

546 (arogi-1)Ny) Zi(6'(nMoe,i_1)'Ni)[ mol ] (S4.16)

ND = =
Moe Yidei Yi(6:H;lp) mZedge

Finally, we use the areal number density of Ni and Mo to calculate global ED:

ED = NPnie [at%)] (S4.17)

NDpo,
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4.7.8

Calculation of the fraction of Ni incorporated at edges

With the global edge decoration known, one can now calculate how Ni is distributed

among edges and segregated phases. The fraction of Ni incorporated at edges (accessible

and inaccessible) is given by eq. S4.18, whereas the fraction of Ni present as NiSx

(internal) is calculated according to eq. S4.19.

4.7.9

Nie _ fMoe-Mo-ED
~ o N [at%] (S4.18)
Ni iSx Nig
lg—f =1- N—‘l [at%)] (S4.19)

Calculation of rate enhancement factors

Rate enhancement factors were calculated from experimental data by dividing the total

HDS rate (i.e., sum of DDS and HYD) of one leached catalyst by the total HDS rate of

its parent form (eq. S4.20). This was done separately for each reaction temperature

(Figure S4.6) and the individual rate enhancement factors then averaged (eq. S4.21).

__ THpsp(T)
RE(T) = 7o (S4.20)
RE = ZRED (S4.21)

i
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4.8 Supplementary figures

W
o
[+ ]
X
5:?
o
1

A

08

: .
& O‘G-Mo‘ " ‘
T g -a..A :
2 oa DN %sor
- 7 2 1 MoO4 Mo(4
61 ;‘5‘50 O
0-2 > S
~ = Mos,
w | /
= <
2 5 .
I
~ =
o z
> w
[
o
[ a.
- —0.6.—
=
< -0-8 1 1 1 L
=5 -2 0o 2 4
5 C
a &
o o @ g
a2, e bl
S XA B

Figure S4.1. Pourbaix diagrams. (A) Ni-S-H20 system and (B) Mo-S-H20 system at standard
ambient temperature and pressure (reproduced with permission from ref. %7). Vertical axis: voltage
potential with respect to the standard hydrogen electrode (SHE). (C) Leaching solutions of se-
quential acid treatments (photo credit: Manuel F. Wagenhofer, Technische Universitat Miinchen).

Pourbaix diagrams, or potential/pH-diagrams, are used to map out predominant ions in
solution depending on pH and electrochemical potential of the environment. Each area
enclosed by a set of straight lines is labeled with the predominant species in this specific
region, whereas the straight lines themselves indicate equal activities of the species to
their left and right. Note that these diagrams are only valid in thermodynamic equilibrium
and do not account for kinetic effects. While one species may be predominant under
certain combinations of pH and potential, the transformation into this species might be
very slow and thus practically not observable. Figure S4.1 A and B show the Pourbaix-
diagrams of the systems Ni-S-H>O and Mo-S-H>O, respectively. The relevant conditions

for acidic leaching with concentrated HCI as carried out in this work are found at 0 V

(standard hydrogen electrode) and pH of -1.

144



Chapter 4: Acid-treated Ni-Mo sulfides for hydrodesulfurization

As predicted by the Pourbaix-diagram (Figure S4.1), MoS; is stable in concentrated
HCI and cannot be dissolved in the absence of a sufficient potential difference. Accord-
ingly, the mass of a MoS» reference compound remained constant when subjected to HCI
treatment at ambient temperature. Nickel sulfides, on the other hand, are easily and quan-
titatively dissolved under these conditions. The Pourbaix-diagram (Figure S4.1) shows
that aqueous Ni*" is the predominant species under the relevant conditions. The reaction
is driven to completion by the formation of gaseous H>S by-product, which is constantly
removed from the solution. Landau et. al.”?? used a similar procedure to extract Ni from
unsupported MoS». They added an amount of concentrated HCI (37 %) corresponding to
3 equivalents of Ni in the catalyst and left the mixture for 3 h at ambient temperature
before washing with water. Another method was employed by Bachelier et. al.”® for the
extraction of Ni from Al,Os-supported Ni-Mo sulfides: while this group also used
concentrated HCI1 (37 %) at ambient temperature, the duration of the treatment was 24 h.
The proportion of HCI and Ni, however, was not specified. In our case, we used a large
excess of concentrated HCI (37 %), about 10 mL for 200 mg of catalyst, which corres-
ponds to approx. 200 equivalents of HCI per Ni atom. Further, we repeated the procedure
three times (1 h each repetition) instead of only once to ensure full dissolution of
extractable Ni species. The progress of Ni removal was roughly examined by monitoring
the color of the acidic solution after each treatment (Figure S4.1 C). The gradual dis-
coloration indicates that relevant concentrations of soluble Ni phases were absent after

the third cycle.
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Figure S4.2. X-ray diffraction patterns. (A) Diffractograms of Ni-promoted and non-promoted
MoS: catalysts before acid treatment with reference patterns of identified NiSx phases. (B) XRDs
after acid treatment of the catalysts, with the stick pattern of MoS..
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Figure S4.3. Supplementary SEM micrographs of the four Ni-MoS: catalysts.
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Figure S4.4. EXAFS at the Ni K-edge. Each top row: magnitude (black) and imaginary part (grey)
of the k*-weighted Fourier-transform before leaching and after leaching including the best fit
(dashed lines). Each bottom row: k3*-weighted EXAFS and best fit (dashed line) before and after
leaching. The distance between two vertical tick marks is 5 A (k-space) and 5 A+ (R-space).
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Figure S4.5. Residence-time dependent experiments. (A) DBT conversion on NiMo-2-L as a
function of residence time at 330°C. (B) HYD and DDS selectivity as a function of DBT conversion
under the same conditions (trickle-bed, 1 wt% DBT in decalin, total pressure: 50 bar (Hz)).
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Figure S4.7. Temperature-dependence of reaction rates. (A) Initial dibenzothiophene
hydrogenation (HYD) and direct desulfurization (DDS) rates on parent and leached Ni-MoS:2
catalysts as a function of inverse temperature (log. y-axis). Reaction conditions: trickle-bed
reactor, 280-330°C, 50bar total pressure (Hz), 1wt% DBT in decalin, gas/liquid ratio
=500 Nm3*Nm?3, WHSV = 1. (B) Parity plot of activation energies before and after leaching. Data
points are shown as intersecting error bars.
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Figure S4.8. Correlation of HDS rates with isotopic exchange rates. Specific initial DDS rates (A)
and HYD rates (B) as a function of H2-D2 isotopic exchange rate (IER) in parent and leached
catalysts.

SH groups were characterized by measuring the rate of HD formation in an equimolar
flow of Hz and D» (referred to as isotopic exchange rate or IER). HDS rates and IERs
correlated linearly in case of the leached catalysts (Figure S4.8) but not in case of the
parent catalysts, in which IERs were essentially uniform, whereas HDS rates varied
considerably. We have shown in a previous work that IER and SH group concentration
are proportional in supported catalysts — at least in those with low to moderate Ni con-
tent?’ (atomic Ni/(Ni+Mo) ratios < 0.33). Catalysts with higher concentrations of Ni and
an accordingly higher concentration of segregated NiSx were shown to deviate from this
correlation?” (observed for atomic Ni/(Ni+Mo) ratios > 0.49). Since the parent catalysts
in the present study fall within this second Ni-rich regime, their IERs do probably not
well reflect their SH group concentration; it is thus not surprising that HDS rates, which
directly depend on SH group concentration, do not seem to be connected to IER in this
case. After leaching, however, when the available surface is free of segregated Ni sulfides,
IERs can be expected to be proportional to SH group concentration. And since SH groups
directly determine the surface concentration of dissociated hydrogen, IERs should also

be proportional to catalytic HDS rates, which is in agreement with our observations.

We attribute the lack of proportionality between HDS rates and IERs prior to leaching
to differences in the nature of the information provided by the two characterization
techniques. Isotopic scrambling was performed at ambient pressure and a temperature of
100°C, which is quite different from the reaction conditions used in HDS (50 bar, 280—

330 °C). While Ni3S; alone was only poorly active for H> activation in the Hz-D> regime
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(<0.1 mmol g h'"), it might contribute significantly to H, activation in the HDS regime.
We speculate that the IERs of the parent catalysts reflect only “conventional” SH groups,
1.e., those at the (un-)promoted MoS, edges, while ignoring hydrogen activation by
segregated NiSy at more severe conditions (HDS regime). After leaching, this discrepancy
disappears because the surface concentration of active hydrogen is only dependent on
conventional SH groups and not additionally on NiSx. The offset in the abscissa (Figure
S4.8) may simply indicate that not all SH groups probed by H»/D; are available also for
HDS. This could be related to the fact that dibenzothiophene is much larger than hydrogen

(or deuterium) and thus not able to interact with SH groups in confined environments.
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4.9 Supplementary tables
Table S4.1. Physico-chemical characterization results.
Samplet N s AN Mot N e Sufacs Poe | Sckng St
atomic atomic % at% at% at% m2g!' cmig" - -
NiMo-1-p  0.48 1.44 - 213 19.7 59.0 3.1 0.003 5.0 44 (£1.4)
NiMo-2-p  0.50 1.61 - 193 19.0 617 2.7 0.003 5.0 5.0 (£1.8)
NiMo-3-p  0.49 1.52 - 20.2 19.6 60.3 8.1 0.014 4.9 5.0 (£1.8)
NiMo-4-p  0.60 1.43 - 163 249 5838 17 0.036 5.2 4.7 (£1.9)
MoSz2-p - 2.03 - 330 - 670 32 0.053 52 -
NiMo-1-L  0.20 183 732 283 7.0 646 7.3 0.010 5.0 4.9 (+1.9)
NiMo-2-L  0.23 182 694 272 82 646 6.9 0.014 48 5.1 (£1.7)
NiMo-3-L  0.22 203 705 257 7.3 67.0 14 0.027 5.2 4.6 (11.6)
NiMo-4-L  0.26 193 772 253 88 659 14 0.035 55 5.3 (#2.1)
MoSz-L - 2.06 - 327 - 673 30 0.046 5.1 -

2 Suffixes “-p” and "-L" denote parent and leached samples, respectively; ? Percent of Ni atoms
removed by acidic extraction. See supplementary methods for further details; ©Atomic-%
normalized to the sum of Mo, Ni, and S; 9 Determined via N2 physisorption using BET method;
¢ Total pore volume by Gurvitsch method?? at p/po = 0.95; f Stacking degree, i.e., average number
of S-Mo-S layers per primary crystallite, determined via line broadening analysis of (002) reflection
(see supplementary methods). Interplanar distance (Mo—Mo) was taken as 0.62 nm. Stacking
from TEM data was determined by graphically analyzing approximately 300 primary particles per

catalyst.
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Table S4.2. Best-fit results of k3®-weighted Ni K-edge EXAFS.

Coordination  Catalyst N R 02 AEo

shell atoms A 103 A2 eV
NiMo-1-p 4.6 (x0.4) 2.26 (£0.01) 5.2 (x1.2)
NiMo-2-p 5.0(x1.2) 2.25 (£ 0.01) 5.9 (£3.0) 13 (£0.7)
NiMo-3-p 4.6 (x0.4) 2.26 (£0.01) 5.6 (£0.9)

Ni-S NiMo-4-p 4.8 (£0.5) 2.26 (£0.01) 6.2 (£1.3)
NiMo-1-L 4.6 (£0.3) 2.22 (£0.01) 5.5(+0.6)
NiMo-2-L 4.9 (+£0.3) 2.22 (£0.01) 6.2 (£ 0.6) 2.0 (£0.6)
NiMo-3-L 4.8 (£0.7) 2.22 (£0.01) 6.7 (£1.2)
NiMo-4-L 5.2 (x0.4) 2.22 (£0.01) 7.0 (£0.7)
NiMo-1-p 1.0 (£ 0.5) 2.56 (£0.02) 49 (£4.4)
NiMo-2-p 1.0 (x1.1) 2.56 (£0.03) 3.6 (£9.5) 02 (£4.5)
NiMo-3-p 0.6 (x0.2) 2.56 (£0.02) 4.5 (£2.7)

Ni-Ni NiMo-4-p 0.8 (£0.5) 2.57 (£0.02) 4.4 (£5.3)
NiMo-1-L 0.4 (x0.2) 2.62 (£0.03) 2.3 (£3.8)
NiMo-2-L 0.5 (x0.3) 2.65 (£0.03) 4.1 (£4.1) 6.4 (£6.1)
NiMo-3-L 0.8 (x0.9) 2.63 (£0.04) 7.8 (£8.4)
NiMo-4-L 0.4 (£0.3) 2.62 (£0.03) 4.7 (£4.5)
NiMo-1-p — — — —
NiMo-2-p — — — —
NiMo-3-p — — — —

. NiMo-4-p — — — —

Ni-Mo -
NiMo-1-L 1.7 (£ 0.6)
NiMo-2-L 1.9 (£ 1.0)
NiMoo3-L 2.0 (£0.7) 2.86 (£0.03) 14.0 (£4.0) 16.0 (£2.2)
NiMo-4-L 0.9 (x0.5)

Abbreviations: N (coordination number), R (distance), 0?2 (mean square displacement), AEo
(energy shift, inner potential). Parent catalysts were fitted simultaneously with one common AEo
for each coordination shell (R-factor = 0.0024). Leached catalysts were fitted simultaneously with
one common AEo for each coordination shell, one common Rnimo, and one common ?ni-mo (R-
factor = 0.0031).

Ni-Mo coordination numbers of approximately 2 were observed in the first three of the
leached catalysts (1.7-2.0, Table S4.2), which is fully consistent with the edge structure
shown in Figure 4.2 C for the metal edge. In this structure, the Ni atom is “retracted” into
the edge by about 0.35 A with respect to the lattice position of the Mo atom it replaces.
The distance to the two Mo neighbors at the bottom is thus decreased to 2.86 A, while the
distance to the left and right Mo neighbors increased to 3.18 A. The Ni-Mo contributions
of the more distant Mo atoms were not observed due to the strong structural disorder for

the Mo atoms at longer distances and, therefore, only the two nearest Mo neighbors at

2.86 A contribute to the EXAFS. In addition, the contributions of backscattering atoms
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decrease with 1/r%, which will further decrease their relative contributions compared to
the two Mo atoms in closer distance. Note that the structural adjustments (shown in Figure
4.2 C for the metal edge), required to match the experimental Ni-S distances and coor-
dination numbers, are small. The four S atoms at the base of the tetragonal NiSs pyramid
need to move about 0.08 A towards their common center and upwards by 0.03 A (toward
the tip of the pyramid). The original position of the S atoms within the MoS; lattice is
indicated by the black shadows in Figure 4.2 C. Ni-Mo coordination numbers signifi-
cantly smaller than 2, such as in NiMo-4-L (Table S4.2), suggest a different configuration
at the edge. A potential structure with only one Mo atom at 2.86 A is shown in Figure
4.2 C for the sulfur edge. The distortion of the four S atoms at the base of the Ni-S cluster
is even smaller than at the metal edge. Based on DFT calculations, such Ni-Ni pairs were
proposed and predicted to be stable by Krebs and coworkers.’®?” Also, note that the
dinuclear Ni entity at the sulfur edge closely resembles the main structural motif of NiS
(“Millerite”). As pointed out above, such structure is hypothesized to partly account for

the observed Ni-Ni scattering at 2.63 A.

Table S4.3. Average interatomic distances and coordination numbers in relevant Ni sulfides.

Compound S/Ni Nnis @ Rnis ® NNiNi RNi-Ni Ref. ¢
atomic atoms A atoms A

NisS2 9 0.67 3.9 2.27 3.9 2.52 This work

NizS2 0.67 4.0 2.26 4.0 2.48 27521

NioSs 0.89 4.4 2.27 2.2 2.60 63080

NiS 1.00 5.0 2.31 2.0 2.53 40054

NiS2 2.00 6.0 2.39 12 4.01 79671

2 Average Ni-S coordination number of all Ni-S pairs with similar separation (aggregation margin
= 0.3A). ® Average Ni-S distance (aggregation margin = 0.3 A). ¢ Inorganic Crystal Structure
Database (ICSD) reference number. ¢ Commercial NizS2 reference sample.
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Table S4.4. Calculated quantities for the analysis of Ni distribution.

Medge/MtotaI N itotaI/MtotaI N iedge/Medge N iedge/N itotal
Catalyst e dgeFrr:eCtt;OIr;tocfms” “Edge decoration” “Ni incorporation”
NiMo-1-p 0.12 0.48 - 0.08
NiMo-2-p 0.09 0.50 - 0.08
NiMo-3-p 0.11 0.49 - 0.07
NiMo-4-p 0.08 0.60 - 0.10
NiMo-1-L 0.16 0.20 0.31 0.25
NiMo-2-L 0.15 0.23 0.43 0.29
NiMo-3-L 0.17 0.22 0.32 0.24
NiMo-4-L 0.13 0.26 0.78 0.40

Symbols: Mietal = total number of metal atoms (Ni+Mo), Nitwtar = total number of Ni atoms, Medge
= total number of metal atoms at edges (Ni+Mo), Niesge = Nnumber of Ni atoms at edges. The
numbers reported in this table were obtained by the combined results of elemental analysis, NO
chemisorption, and TEM (see section 4.7 “Supplementary methods” for further details).

For the purpose of determining edge decoration by Ni (Table S4.4), we simplistically
assumed that all edge incorporated Ni atoms are titrated by NO, that is, all Ni atoms in
the leached catalysts give rise to edge sites that interact with NO. This is inferred from
the weakening of M-S bonds upon incorporation of Ni, leading to a higher propensity to
form sulfur vacancies. In the leached Ni-MoS; catalysts, not containing accessible NiSx,
the amount of adsorbed NO can thus be directly used to quantify edge-incorporated Ni
atoms (using a 2:1 stoichiometry of NO and CUS). We refer to Table S4.6 for an extended
discussion of our complete set of assumptions and a description of some complicating

aspects of using NO chemisorption for the quantification of edge sites.

Concerning the values tabulated above, please note the possibility of some corrections
related to the co-titration of Ni- and Mo-associated sites by NO. Specifically, the edge
decorations are likely to be overestimated to some extent because NO also adsorbs on
edge vacancies not associated with Ni, whereas we related NO uptake solely to edge-
incorporated Ni atoms (eq. S4.14). In the following, we estimate a lower limit of edge
decoration (E D,y,;,) by attempting to correct for NO adsorption on unpromoted sites. On
unpromoted MoS;, the areal number density of adsorbed NO (NDy) is measured to be
1.8 molecules per nm? edge area (Table S4.6). We now subtract this value from NDy, of

the Ni-MoS» catalysts as calculated from mass-specific NO uptake, BET and TEM

156



Chapter 4: Acid-treated Ni-Mo sulfides for hydrodesulfurization

structural parameters (Table S4.6). This corrected NDyo, now containing only contri-
butions of Ni-associated sites, is then used for calculating the lower bound of edge

decoration (ED,,;,) according to eq. S4.22:

_ NDNo(NiMO-X-L)—NDNO(MOSz)
EDmin -

(S4.22)

2:NDmetal atoms

where NDyeota1 atoms 1 the areal number density of metal atoms in an unperturbed edge
plane (~6 metal atoms per nm? edge area; see also eq. S4.16) and the factor two is the
stoichiometric coefficient relating the number of adsorbed NO to the number of edge
metal (Ni) atoms. In the following we perform an exemplary calculation using eq. S4.22

for NiMo-1-L:

37 [ molec. NO ] [ molec. NO ]
nm? edge area " |nm2 edge area
molec. NO edge metal atoms

[edge metal atom] [ ]

EDypin = =0.14

nm?2 edge area

The lower bounds of ED for NiMo-1-L, -2-L, -3-L and 4-L are thus calculated to be 0.14,
0.25,0.16 and 0.61 (in lieu 0of 0.31, 0.43, 0.32 and 0.78 as tabulated in Table S4.4).

In writing eq. S4.22, it is simplistically assumed that the unsubstituted edge domains
and Ni-substituted edge domains each have their own independent areal number density
of probed metal atoms, 1.e., between 1.0 and max. ~6 per nm? edge area, respectively,
while in reality, there will be an overlap for which we cannot correct. It is thus important
to note that the real values of ED will be somewhere between the corrected (lower limit)
and the uncorrected values (upper limit). At the lower bound of ED for each sample, the
degree of Ni incorporation into edges (Niggge/Nitorq: in the last column of Table S4.4)
will become 0.03, 0.05, 0.04 and 0.08 for the four parent samples and 0.11, 0.17, 0.12 and
0.31 for the four leached samples in that order. As a result, at the lower bound of ED, our
statement will have to be slightly corrected in quantitative terms: “The results suggest
that 11-31 % of Ni atoms in the leached catalysts are incorporated in Ni-Mo-S (Table
S4.4), while the remainder of 69-89 % exists as inaccessible NiSx. The corresponding
figures for the parent catalysts indicate a much lower incorporation of Ni, with only 3—
8 % of all Ni atoms located at MoS» edges.” It is important to stress that even at the lower

bounds of ED, none of our conclusions is affected.
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Table S4.5. Summary of key properties of Al203-supported MoS: and Ni-MoS:2 samples.

Ni/(Ni+Mo)  Slab Stacking fumo © NOadas ¢ ravo @ rops @
Sample length#  degree ?

(mol mol1) (nm) (=) (at/at.)  (umolg')  (mmol g'h?)
Ni-MoS2/Al203 0.33 45+19 19+£09 0.26 298 0.86 9.28
MoS2/Al203 - 52+22 1507 0.22 151 n.d. n.d.

2 All slab properties are determined by statistical analysis of TEM micrographs. ? fuo represents
the fraction of Mo atoms at the edges of the sulfide slab, calculated by assuming a perfect
hexagonal geometry for the MoS: crystals. ¢ NO adsorption measured by pulse experiments at
RT. 9Reaction conditions: 330 °C, 50 bar Hz, 1wt% DBT in decalin, gas/liquid =500 Nm3/Nm3.
Further details on this sample are given in our previous work?8. "n.d.": not determined.

To compare the intrinsic activity (TOF) of bulk Ni-Mo sulfides in this work with that
of AlbOs-supported Ni-MoS,, we selected a well-characterized sample whose properties
(Table S4.5) had been reported in our previous work.’ With regard to active site
quantification via NO adsorption, the same considerations apply for this supported sample
as those described for the bulk sulfides (see discussion accompanying Table S4.6). While
known to be significantly less active than Ni-promoted edge sites, it is expected that Mo-
associated edge sites contributed significantly to the site count determined from adsorbed
NO for the Ni-Mo0S»/Al>O3 catalyst. We infer this from the substantial concentration of
adsorbed NO on an unpromoted but otherwise similar, supported MoS, catalyst
(151 pmol/g; Table S4.5). In order not to underestimate the TOFs of the promoted sample
by falsely including the Mo-associated CUS in the site count, we attempted to correct for
NO adsorption on these essentially inactive sites. For the correction, it is hypothesized
that the relative fraction of Ni- and Mo-associated CUS scales with the relative
concentrations of Ni and Mo at the slab edge, that is, no difference in the actual capability
for CUS generation is taken into account (in reality, there is likely a difference due to the
weakening effect of Ni on edge Mo-S bonds, causing a higher propensity for vacancy
formation; see discussion accompanying Table S4.4). The mass-specific NO uptake of
the promoted Ni-Mo sample (298 pmol/g) was thus corrected by subtracting the
contribution of Mo-associated NO adsorption (151 pmol/g). The latter was scaled by the
relative fraction of Mo atoms found at the edges of the promoted sample. Because the
edge decoration degree (by Ni) was determined to be 0.30 in this sample,’® leaving a
fraction of 0.70 as Mo-associated sites, the concentration of NO adsorbed on Ni-

associated CUS in this sample is estimated to be:

158



Chapter 4: Acid-treated Ni-Mo sulfides for hydrodesulfurization

(298 —-0.7 - 150) pmol/g =192 pmol/g.

When calculating the CUS concentration, it was assumed that NO adsorbs on Ni-
associated and Mo-associated CUS with the same 2:1 NO-to-Mocus (Nicus)

stoichiometry. Thus, the Ni-associated CUS was determined to be:
(192 -0.5) pmol/g =96 umol/g.

The TOF based on this CUS count was calculated to be 9 h™! and 97 h™! for the HYD and
DDS route, respectively, using the rates presented in Table S4.5.
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Table S4.6. NO chemisorption capacity.

NO CUS NO areal CUS areal NO areal CUS areal
Catalyst uptake @ conc. density ® density num. density ¢ num. density
(umol g) (umol g) (umol m-2 (umol m-2 (molec. nm-2 (sites nm-2
total) total) edge) edge)
NiMo-1-p 20 10 6.3 3.2 n.a. n.a.
NiMo-2-p 32 16 11.6 5.8 n.a. n.a.
NiMo-3-p 48 24 5.9 3.0 n.a. n.a.
NiMo-4-p 74 37 4.3 2.2 n.a. n.a.
NiMo-1-L 23 12 3.2 1.6 3.7 1.8
NiMo-2-L 30 15 4.3 2.2 5.0 2.5
NiMo-3-L 47 24 3.3 1.7 4.0 2.0
NiMo-4-L 108 54 7.6 3.8 9.2 4.6
MoS:2-L 53 27 1.8 0.9 2.0 1.0

2Determined by pulsed NO chemisorption at 25°C and atmospheric pressure. ® NO uptake
divided by the specific (BET) surface area of the catalyst as determined by nitrogen physisorption.
¢ Areal number density of NO at edge planes (molecules NO per nm? edge area) as determined
by a combination of TEM, BET, and NO pulsing (see supplementary methods). Notes: (1) All CUS-
related quantities were calculated from the respective NO-related quantity by multiplying with 0.5
(i.e., assuming dinitrosly adsorption). (2) "n.a.": not applicable to parent catalysts, as NO
adsorption occurred also on segregated NiSx, where edges are not defined. (3) In the context of
determining edge decoration (Table S4.4), the concentration (or areal density) of CUS is taken to
be equivalent with the concentration (or areal density) of edge-incorporated Ni. We refer to Table
S4 .4 for further information on this aspect of NO chemisorption.

NO adsorbs at the unpromoted and promoted MoS; edges but not on fully sulfided edges
not containing SH, nor on basal planes.’*~? This reasonably site-specific behavior, despite
somewhat controversial, has its undeniable usefulness and has been studied in depth,
mostly for unpromoted and Co-promoted MoS>.7%"’ Some studies argued that the
adsorption occurs via a push-pull type mechanism involving simultaneous vacancy
creation (initially present as SH), adsorption of NO and release of H»S.’® This, in turn,
means that NO is capable of probing both stable CUS (existing prior to adsorption) and
SH groups, the latter by reactive NO/SH exchange involving the transient formation of

CUS. In this context, “CUS” are meant to include SH groups unless otherwise specified.

As for the assumption of selective NO adsorption (i.e., adsorption exclusively on Ni-
associated CUS), we would like to mention that metal-sulfur bonds are significantly
weakened (compared to Mo-S) upon the substitution of Ni atoms into the slab edge.
Accordingly, a dominant fraction of NO adsorption should take place at CUS (and SH
groups) associated with Ni edge atoms. Moreover, our data show that while NO adsorbs

also on unpromoted edge sites (2.0 molec. per nm? edge), Ni substitution dramatically
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increases the tendency to generate edge vacancies in the form of stable and transient CUS,
thus increasing the areal number density to 3.7-9.2 molec. per nm? edge (Table S4.6).
Also bear in mind that the contribution of unpromoted Mo edge sites to total NO uptakes
is diminished due to the fact that fewer Mo atoms will be present at the edge after Ni
incorporation. Because of the expected low concentration of Mo-associated edge sites
and the stronger tendency of Ni-associated edge sites to form vacancies, we used the
simplified assumption that adsorbed NO mainly corresponds to Ni-associated edge sites.
Of course, this is only valid for Ni-promoted samples after leaching, that is, when

segregated Ni sulfides are absent at the accessible surface.

Concerning the use of dinitrosyl adsorption stoichiometry in our calculations (i.e., the
adsorption of two NO molecules per CUS), we would like to point to previous works,’®?
where such stoichiometry was observed experimentally. It was proposed that the mutual
interaction between the unpaired electrons of two NO molecules helps the stabilization
of the dimer or dinitrosyl form at high NO coverages.®’ In view of some complications
associated with its adsorption sites and stoichiometry,?”?*?> NO chemisorption studies
are often performed in combination with infrared or Raman spectroscopy, which allow
isolating the relevant interactions. Given the high opacity of bulk sulfides, however, this
is highly challenging (if not practically impossible). In such cases, one may only
determine the total NO uptake, which includes the contributions of the confounding NiSx
species (a substantial NO uptake of 57 pmol g! was measured on a homemade Ni3S
sample). Removing segregated NiSx at the accessible surface is thus expected to
substantially improve the validity of using NO chemisorption measurements to quantify

CUS concentration.

With regard to the CUS counts used to calculate TOFs of the bulk sulfide samples, we
see a possibility for some corrections related to the simultaneous titration of Ni- and Mo-
associated vacancies by NO. Even though the latter are significantly less active than the
former, it is unquestionable that some contribution of Mo-associated CUS to both the site
count and the catalytic rates exists. This should be particularly important for the HYD
pathway, for which MoS; alone apparently has a non-negligible activity (Table 4.1 and
Figure 4.5 in the main text). Although it is not possible to quantitatively single out the
individual contributions of NO adsorbed on Ni- and Mo-associated CUS from any direct

measurements (due to the lack of spectroscopic differentiations as outlined above), we
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attempted to do so by assuming that the relative fractions of Ni- and Mo-associated CUS
scale with the relative atomic fractions of Ni and Mo at the slab edge, i.e., without taking
into account any difference in the CUS generation capability. From the edge decoration
(ED) degree by Ni in the sulfide samples (Table S4.4), the remaining non-promoted (i.e.,
Mo-associated) edge fraction can be calculated as 1 — ED. This relative fraction, repre-
senting the unpromoted edge sites, is then multiplied with the intrinsic activity
(mmol/(m? h)) and CUS areal density (mmol/m?) of unpromoted MoS., and subsequently
subtracted from the corresponding quantities of each Ni-Mo sulfide. It must be noted that
this correction method does not degrade the linear correlations or significantly change the
average TOFs derived from the slope of the correlation plot. Accordingly, none of our
conclusions are affected. We attribute this insensitivity to the small areal concentration of
CUS and area-normalized reaction rates found in MoS; (used for the correction)
compared to those of the Ni-MoS; catalysts. Due to some of the unjustified assumptions
involved in this calculation, however, we chose to report still the average TOF slightly
convoluted by the Mo-CUS contributions, that is, 70 h™! for DDS and 140 h™! for HYD,
instead of the "corrected" values of 75 h™! and 146 h'.
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Abstract

The mechanism of the deoxygenation of fatty acids on transition-metal sulfides was
determined on the basis of kinetic data obtained with fatty acids, their reaction inter-
mediates (aldehyde and alcohol), and reactants of restricted reactivity (adamantanyl-
substituted carboxylic acids). Deoxygenation on MoS; proceeds exclusively via hydro-
genolysis to aldehyde, followed by hydrogenation to the corresponding alcohol, con-
secutive dehydration to the olefin, and hydrogenation to the alkane. In contrast, the
selectivity on Ni-MoSz and on Ni3S; substantially shifts toward carbon oxide elimination
routes: i.e., direct production of Cy-1 olefins and alkanes. The carbon losses occur by
decarbonylation of a ketene intermediate, which forms only on sites associated with Ni.
The rate determining steps are the cleavage of the C—C bond and the removal of oxygen
from the surface below and above, respectively, 2.5 MPa of H». The different reaction
pathways catalyzed by MoS: and Ni-MoS: are attributed to a preferred deprotonation of
a surface acyl intermediate formed upon the adsorption of the fatty acid on Ni-MoS.. The
shift in mechanism is concluded to originate from the higher basicity of sulfur induced

by nickel.
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51 Introduction

Research on alternative sources for hydrocarbon fuels has gained importance over the
past decades.’ As legislations impose the use of bio-oil to obtain transportation fuels, the
coprocessing of vegetable oils in conventional hydrotreating units is a promising option
since it relies on existing infrastructure and technologies.’ # Sulfides are the catalyst of
choice for defunctionalization reactions in industrial hydrotreating units due to their
optimum compromise among cost, metal functionality, and poison and coke resis-
tance.””~” To fully exploit the potential of hydrotreating biogenic feedstocks on sulfides,
however, one has to consider possible limitations arising due to their oxygen content.
Although the presence of S during cofeeding would help to stabilize sulfide catalysts,*’
the detrimental effects of water on catalyst stability and excessive consumption of
hydrogen due to subsequent reactions with carbon oxides are among the most imminent
problems.®/?~2 Several studies have therefore tried to elucidate the mechanisms of
triglyceride deoxygenation (DO) on transition-metal sulfides.’*"?/ The motivation
behind these investigations is to obtain structure—activity correlations, which may aid in

the development of future generations of hydrotreating catalysts.

Deoxygenation of triglycerides and related compounds can be divided into two distinct
pathways.?” One pathway is hydrodeoxygenation (HDO), which is characterized by the
sequential reduction of the oxygenate to a saturated hydrocarbon, with oxygen being
removed as water and the number of carbon atoms being retained throughout the whole
reaction sequence. In the other pathway oxygen is removed in the form of carbon oxides,
thus decreasing the number of carbon atoms of the reactant. The term “carbon loss
reactions” (CLR) will be used here to refer to these pathways. HDO and CLR pathways
occur not only with triglyceride reactants but also with structurally related molecules,
such as free fatty acids and fatty acid alkyl esters, that have been employed as model
compounds in a large fraction of existing DO studies.’? #4232 Fatty acids have been
chosen as reactants, as they were repeatedly shown to be the major primary products
during triglyceride DO over most supported metal and metal sulfide catalysts.’’ An over-
view of deoxygenation-related reactions occurring with fatty acids is given in Table 5.1.
All possibilities have negative free energies at relevant reaction temperatures. Thus,

although the thermodynamic driving force has to be taken into account, it is likely that
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kinetics and the intrinsic functionality of the catalyst determine the routes dominating the

transformation of fatty acids.

Table 5.1. Overview of possible reactions occurring during fatty acid deoxygenation. @

AG® (273K) AG® (573 K)®

Entry Reaction Structural representation kJ mol- kJ mol-
1 Direct decarboxylation R,\)OLOH S RN 4CO, -60.4 -96.4
2 Dehydration-decarbonylation R,\)OLOH o RN +CO+H,0 58.7 -29.0
3 Aldehyde decarbonylation R/\)?\H L R~ +CO -39.0 -76.0
4 Hydro-decarboxylation R,\)OLOH M2~ 4 HCOH] -28.7 ° -99°¢
A oo -30.8 ¢ -78.7 ¢
5 Full hydrodeoxygenation R,\)?\OH KNP -121.5 -98.2
6 Partial hydrodeoxygenation R/\)?\OH He R/\)?\H +H,0 8.3 -2.8
7 Reverse hydroformylation R/\)(iH L RN +COH, 504 -26.3

2 Thermodynamic data calculated at 10° Pa using gaseous C4/C3 compounds (HSC Chemistry 6
software). ® Values of A/G° are expected to be similar in liquid and gas phase because of the
absence of phase transitions and the similar structure of reactants and products. ¢ Value is given
for the formation of 0.5 equivalents of H-bonded formic acid dimer. ¢ Change in Gibbs energy,
when decomposition of formic acid dimer into carbon monoxide and water is taken into account.

The catalysts studied are unsupported MoS;, some modified with Ni to maximize the
hydrogenation activity. The significant influence of Ni on the activity of MoS; for hydro-
desulfurization (HDS) and hydrodenitrogenation (HDN) is often attributed to changes in
the adsorption constants of the reacting substrates or to higher rate constants, rather than
to changes in the reaction mechanism.”” In HDS, for example, Ni influences the electron
density of sites at the perimeter of MoS2,?® possibly shifting the rate-determining step. In
deoxygenation, however, the result of Ni incorporation is quite different; while the rate
enhancements are not as pronounced as those observed in HDS and HDN, the changes in

selectivity are radical. More specifically, Ni enables additional reaction routes that

involve the breaking of C—C bonds (CLR) and that are not observed with MoS>.?

Since a consistent molecular-level mechanism for CLR of triglyceride-related
molecules on transition-metal sulfides has not been identified, we have chosen to evaluate

existing proposals and consider reaction routes that have previously not been taken into

166



Chapter 5: C-C bond scission in fatty acid deoxygenation

account. Proposed mechanisms for the CLR of triglyceride-related feedstock (Table 5.1)

include decarboxylation,*?/?*~3 decarbonylation of aldehyde intermediates,’?/%3%3973%

16,39,40 and

sequential  dehydration—decarbonylation,’”” formic acid elimination,
decarbonylation of anhydride intermediates.’*# Among these proposals only a few have
been studied in connection with sulfide catalysts.*/%/#/%2! The present study thus aims to
improve the current mechanistic understanding of both HDO and particularly carbon loss
reactions of fatty acids on transition-metal sulfides. It is limited to unsupported catalysts
to eliminate potential interferences of a support, which are known to influence both the

#2741 and the pathways of fatty acid deoxygenation.” The

properties of metal sulfides
focus is on Ni-promoted MoS;, while Ni3S> and MoS:; are included as reference materials.
For the sake of brevity, experimental details and physicochemical properties of the

catalysts are presented in sections 5.6.1 and 5.6.2 in the Supporting Information.
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5.2 Results and discussion

5.2.1 Reaction network of hexadecanoic acid deoxygenation

The reaction network of hexadecanoic acid deoxygenation on bulk MoS; catalysts is
outlined in Scheme 5.1 Depending on the catalyst, the prevalent reaction route is either
hydrodeoxygenation or decarbonylation (DCO), leading to hexadecane (route 1) and
pentadecane (routes 2 and 3), respectively. The main products on MoS; are hydrocarbons
of the Cj¢ fraction, containing n-hexadecane as well as a mixture of hexadecene isomers.
The concentration profiles obtained on this highly selective HDO catalyst (Figure 5.1)
suggest a cascade reaction for HDO. It starts with the formation of aldehyde via C—O
hydrogenolysis, releasing one molecule of water from the fatty acid and forming
hexadecanal as the main primary product. Subsequent hydrogenation of the aldehyde

yields hexadecanol, which is in turn converted to hexadecenes and hexadecane.

O
2 C13H27/\)J\OH 1o, 1 Hydrodeoxygenation
-co -H,0 2 Decarbonylation to olefin
0 3 Co o 3 Decarbonylation to alkane
-H,0
Ry™ SR, = CogHyy +Hy C..H /\)J\H
13M27
RO
+Hy +H, R1 \RZ
OH il
+Hy
%

C13H27/\ C13H27/\) —H_zg C13H27/\/ — C13H27

Scheme 5.1. Proposed reaction network of hexadecanoic acid deoxygenation on bulk MoS:-
based catalysts. Ester formation between fatty acid and alcohol is not included in the scheme
because it occurred only as a minor side reaction under the tested conditions. Due to the high
dilution of the reactant (0.02 M), bimolecular reactions are strongly disfavored.

The prevalence of hexadecenes over hexadecane during the first 2 h of the experiment
(Figure 5.1) indicates that dehydration to 1-hexadecene and subsequent hydrogenation to
hexadecane is the major pathway for alcohol conversion. Substantiating this conclusion,
we noted that the molar fractions of 1-hexadecene in the hexadecene pool were
substantially higher (slowly decreasing from an initial 50 % to equilibrium) than those

corresponding to an equilibrated mixture of hexadecenes at reaction temperature (Figure

S5.3 in the Supporting Information). This is consistent with a dehydration mechanism in
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which 1-hexadecene is continuously supplied to the hexadecene pool by dehydration of
hexadecanol. In turn, the observed accumulation of hexadecenes agrees well with the low
initial rate of olefin hydrogenation measured in a separate experiment in comparison to
the global initial rate of hexadecanoic acid consumption (17.9 and 48.3 mmolg 'h™!,
respectively). While direct hydrogenolysis of the C—O bond cannot be ruled out,
hexadecanol conversion should not proceed via the nucleophilic substitution of the OH
group by a surface SH group (followed by hydrodesulfurization of the resulting thiol),”’
because thiols or other sulfur-containing products were not observed. This indicates also
that sulfur leaching from the catalyst did not occur to a significant extent. We wish to
point out that the catalysts were stable on the time scale of the experiments: i.e., catalyst
deactivation (by sulfur leaching, coking, or other mechanisms) was not observed (see also

section 5.6.10 in the supporting information for a more detailed discussion of this issue).

The Ni-promoted catalyst showed a selectivity of 43.5 % toward Cis hydrocarbons
(Figure 5.2), while MoS; was highly selective for the HDO route (94.3 %). The initial
rate of hexadecanoic acid consumption on Ni-MoS, (51.8 mmol g ' h'!) was slightly
higher than that on MoS (48.3 mmol g ' h™!). At the same time, the olefin concentration
was much lower on Ni-MoS, than on MoS,, with maximum values of 6 % and 46 %,
respectively. In a separate experiment, the initial rate of olefin hydrogenation on Ni-MoS>
was about 15 times higher (260 mmol g! h™!) than that on MoS; (Figure S5.4 in the
Supporting Information). This indicates that the low olefin concentration observed with
Ni-MoS: is caused by the significant enhancement of hydrogenation rates in the presence
of Ni. Hexadecanoic acid conversion on Ni3S; resulted in Cis hydrocarbons accounting
for approximately 95 % of the products, whereas Ci¢ hydrocarbons were observed as
minor side products (Figure 5.3). Ni3S» also converted hexadecanoic acid with a much
lower initial specific rate (7.0 mmol g ' h™") than MoS, and Ni-MoS;, mainly due to its
considerably lower specific surface area (Table S5.1 in the Supporting Information). We
reached this conclusion after normalizing the initial rates to the surface area, which
showed that the conversion proceeds at similar rates on Ni3S; and MoS: per unit of
exposed surface area (Table 5.2). Although we cannot quantify the surface density of
active sites on MoS; and NizS3, the distinct product distributions clearly show the

different catalytic behaviors.
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Figure 5.1. Conversion of hexadecanoic acid and yields of products as a function of reaction time
on MoS: (A) and an enlarged representation of the initial region (B). Reaction conditions: batch
reactor, 573 K, 5.0 MPa of Hz, catalyst (powder, 0.50 g L"), hexadecanoic acid (5.0 g L"), solvent
(n-dodecane, 100 mL).
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Figure 5.2. Conversion of hexadecanoic acid and yields of products as a function of reaction time
on Ni-MoS: (A) and an enlarged view of the initial region (B). Reaction conditions: see Figure 5.1.
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Figure 5.3. Conversion of hexadecanoic acid and yields of products as a function of reaction time
on NisS2 (A) and an enlarged view of the initial region (B). Reaction conditions: see Figure 5.1
(with catalyst concentration 2.5 g L™").

Having shown that two distinct deoxygenation routes exist on MoS: and Ni-MoS;, we
discuss next whether these routes are interconnected by a common reaction intermediate.
For MoS; we conclude that the hydrodeoxygenation pathway consists of the reaction
steps: fatty acid — aldehyde — alcohol — olefin — alkane. Separate experiments,
conducted using the intermediates as reactants, showed that hexadecanal and hexadecanol
were rapidly converted to Ci6 hydrocarbons on MoS; and Ni-MoS; (Table 5.3). Thus, we
conclude that the reaction sequence for HDO determined on MoS; is also valid for Ni-
MoS;. As hardly any smaller alkanes were observed, we conclude that aldehyde or

alcohol are not likely intermediates for CLR.

HDO of the carboxylic acid apparently occurs in a similar fashion on MoS> and Ni-
MoS:. Hexadecanal, however, was consumed much more rapidly on Ni-MoS; as indi-
cated by its comparably low concentration (Figure 5.2). Indeed, the presence of Ni
enhanced the initial rate of acid conversion by factors of 1.2 and 1.4 (hexadecanoic acid
consumption normalized to catalyst mass and specific surface area, respectively). This is
in good agreement with previous contributions, reporting stronger promoter effects on the
rate of aldehyde conversion than of fatty acids.”*’# The presence of Ni influenced the

product distribution remarkably. Cis hydrocarbons are a substantial product fraction on
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Ni-MoS: and are virtually the only product on Ni3Sz. The tendency to form these products

from hexadecanoic acid is negligible on MoS.

Table 5.2. Initial rates of carbon loss reactions (CLR) and hydrodeoxygenation (HDO). 2

Mass normalized rates Surface normalized rates
Pathway (mmol g-' h1) (mmol m=2 h-")
MoS:2 Ni-MoS2 NisS2 MoS:2 Ni-MoS2 NisS2
HDO 45.5 23.4 0.5 1.52 0.89 0.11
CLR 2.8 28.4 6.5 0.09 1.08 1.38
Total 48.3 51.8 7.0 1.62 1.96 1.49

2 Reaction conditions: 573 K and 5.0 MPa H: at conversions below approx. 20 %.

5.2.2 Reaction pathways for C-C bond scission in DO reactions

Hexadecanal was selectively converted to HDO products on both MoS, and Ni-MoS..
Thus, we conclude that aldehyde decarbonylation is not a relevant route for carbon loss
on Ni-promoted sulfides. This is in line with the fact that the change in Gibbs energy
associated with this route (=76 kJ mol™!) is considerably less negative than that of
alternative pathways (Table 5.1). For instance, fatty acid decarboxylation and hydro-

deoxygenation are both accompanied by a A/G° value of nearly —100 kJ mol .

Table 5.3. Molar product selectivities near full conversion of single reactants and reactant
mixtures.

C15: C16 molar selectivity (%) °

Reactant 2

MoS: Ni-MoS2 NisS2
Hexadecanoic acid 6:94 45:55 94:6
Hexadecanal 5:95 7:93 -
Hexadecanol 1:99 2:98 -
Hexadecanal ¢ - 8:92 -

a2 Reaction conditions: 573K and 5.0MPa H: at conversions exceeding 90%. *
Pentadecane/pentadecenes (C1s), hexadecane/hexadecenes (C1s). ¢ Hexadecanal in presence
of equimolar concentration of octadecanoic acid.

In separate experiments, an equimolar mixture of hexadecanal and octadecanoic acid
was reacted on MoS» and Ni-MoS; (Table 5.3). The addition of octadecanoic acid did not

influence the transformation of hexadecanal to a significant extent, and the high

selectivity to hexadecane (~93 %) was maintained in the absence and in the presence of
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octadecanoic acid. Thus, the presence of the acid, accompanied by competitive adsorption
and consumption of surface hydrogen, does not influence the nature of the surface inter-

mediate relevant for CLR.

Having eliminated aldehyde decarbonylation as a feasible pathway in the DO of fatty
acids, we discuss next the direct decarboxylation of the fatty acid as the relevant route for
carbon loss. Decarboxylation is a thermodynamically attractive route with a change in
Gibbs energy of —96 kJ mol ™! (Table 5.1). Decarboxylation has been repeatedly invoked
to account for carbon loss on bulk Ni(Co0)-MoS>,”’ Ni-Mo0S»/Al,03,” and other metal and
oxide catalysts.?*3%3273 However, the concentrations of CO> in the gas phase are usually
not equal to the concentration of C,-1 products in the liquid phase. This is explained by
the reverse water-gas shift reaction (CO2 +H> = CO + H»0), which can be catalyzed by

sulfides under a variety of reaction conditions.?**’

The product distribution during hexadecanoic acid deoxygenation on Ni-MoS, shows
that the formation of C;s hydrocarbons was accompanied by an equimolar amount of CO,
while CO; was not detected (Figure S5.5 in the Supporting Information). Carbon dioxide
could be masked by a reverse water-gas shift reaction but not beyond the equilibrium
composition, corresponding to a CO/CO; ratio of approximately 3/1 (Figure S5.6 in the
Supporting Information). Thus, the lack of CO; allows us to rule out decarboxylation as

a relevant pathway for carbon losses under the presently used reaction conditions.

O
/\)J\ *+Ho PN
R OH [HCOH]  + R” O CH,
[HCOzH] Hzo +CO == H2 + COZ

Scheme 5.2. C-C hydrogenolysis of a carboxylic acid to Cn1 alkane and formic acid with
subsequent decomposition to H2/CO2 or H20/CO.

COx evolution could also originate from an indirect carbon oxide elimination, where the
immediate gas-phase product is formic acid instead of CO or CO; (Scheme 5.2). In this
case, a Cp-1 alkane would be formed as the primary product by hydrogenolysis of the a
C—C bond, while the formic acid byproduct would quickly decompose to either CO2/H>
or CO/ H,0.763%%0 This mechanism could explain the fact that pentadecane was formed

with a finite initial rate and, therefore, appeared as a primary product (Figure 5.4).
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However, characteristic byproducts of C—C hydrogenolysis, such as formate esters and
gaseous formic acid, were not detected. The substantial concentrations of pentadecenes,
observed along with pentadecane despite the high rate of olefin hydrogenation on Ni-
MoS; (9 times faster than the formation of Cis hydrocarbons), points to a sequential
mechanism, in which I-pentadecene is the main primary product and pentadecane is

formed successively by pentadecene hydrogenation.
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Figure 5.4. Evolution of pentadecane and pentadecenes as a function of time during the
deoxygenation of hexadecanoic acid on Ni-MoS2 (A) and an enlarged representation of the initial
region (B). Reaction conditions: see Figure 5.1.

Hence, we conclude that C—C bond scission of hexadecanoic acid on Ni-MoS; results
in the elimination of CO directly from the fatty acid reactant via a surface intermediate.
Accordingly, the carbon loss could be explained in terms of a sequential dehydration-
decarbonylation (DCO) pathway as suggested in another report.”? In this scenario, an
acylium ion is formed by dehydration of the carboxylic acid and subsequently
decarbonylated to a terminal Cn-1 olefin. We tested this hypothesis with a quaternary
carbon compound, 2-adamantanylacetic acid (AAc), which precludes the formation of an

olefin and has a molecular weight comparable to that of hexadecanoic acid (Scheme 5.3).
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SO WL
* [oleflnl/

route via olefin

CHj + H,0 + CO

Scheme 5.3. Dehydration—decarbonylation of carboxylic acids with quaternary s carbon atom. An
indirect mechanism via an olefin intermediate is not possible due to the lack of hydrogen
substituents at the quaternary g carbon atom.

The deoxygenation of AAc on Ni-MoS: resulted in high concentrations of the carbon
loss product (Figure 5.5) and CO as the only gas-phase product. Products of additional
reaction pathways, potentially enabled by the highly branched structure of AAc (e.g., ring
expansion of the adamantanyl cage), were not detected. Thus, we conclude that decar-
bonylation occurs in a similar fashion for carboxylic acids containing secondary and
quaternary /8 carbon atoms. A further implication is that both the direct formation of an
alkane and the indirect formation via a terminal olefin are possible. The former situation
was observed with AAc (where f H atoms are absent) and the latter situation with

hexadecanoic acid (where  H atoms are available).

100
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Yield and conversion
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OH,gééﬁiﬁy

2-adamantanyl 2-adamantanyl 1-vinyl 1-ethyl 1-methy! 2-adamantanyl ethyl
acetic acid ethanol adamantane adamantane adamantane 2-adamantanyl acetate

Figure 5.5. Conversion of 2-adamantanylacetic acid and product yields as a function of reaction
duration on Ni-MoS2 (A) and an enlarged representation of the initial region (B). Reaction
conditions: see Figure 5.1 (except for solvent: decane).
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5.2.3 Pressure dependence of hexadecanoic acid deoxygenation

The dependence of decarbonylation initial rates on the partial pressure of H> was
determined within the 1.0—7.5MPa range (Figure 5.6). The reaction order of
decarbonylation rates with respect to H> was 0 in the higher range of pressures (2.5 to
7.5 MPa). Thus, the rate-determining elementary step in this region does not involve
hydrogen, which is in line with the fact that H> is not needed by the stoichiometry of the
decarbonylation reaction to proceed. In contrast, a positive reaction order of 0.5 was
observed for lower H> pressures (1.0—2.5 MPa), indicating a transition to a rate deter-
mining step that requires H,. The HDO pathway, on the other hand, exhibits a reaction

order of 1.2 in H partial pressure along the whole range explored.

L 2 14 a : b | HDO products

x CLR products
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Figure 5.6. Initial rate of formation of hydrodeoxygenation (HDQO) and carbon loss reaction (CLR)
products on Ni-MoS: catalyst as a function of hydrogen partial pressure from 1.0 to 7.5 MPa
(9.0 MPa total pressure). HDO products include hexadecane and hexadecenes, hexadecanal,
hexadecanol, and hexadecyl hexadecanoate. Reaction conditions: see Figure 5.1.

524 Active sites and molecular level mechanism of C-C bond
Scission

The reference reactions with Ni3Sz showed that this phase is highly selective for CLR
(Table 5.2). In line with this, some studies have attributed the carbon loss pathways to
segregated NisS», which was repeatedly observed in Ni-promoted MoS,.* Along this line
of thought, the binary metal sulfide catalyst may act as a physical mixture of MoS; and
Ni3Sz, in which each component selectively catalyzes one reaction pathway: i.e., either
HDO or CLR. This assumption, however, is not in line with the amount of exposed NizS>
surface, which is very low and hence only weakly contributes to catalytic reactions. We

calculated the surface-normalized CLR rate of Ni3S; in the single-phase catalyst and in
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the binary Ni—Mo sulfide (section 5.6.7 in the Supporting Information). The calculation
shows that the segregated Ni sulfide in Ni-MoS; would have to be more than 4 times as
active per unit of surface area as in pure Ni sulfide. We dismiss, therefore, segregated
Ni3S, as the major source of CLR products on Ni-MoS». This is also supported by
postreaction X-ray characterization of Ni-MoS», in which we noticed changes in the
structure of the segregated Ni sulfide; however, these changes were not accompanied by
any significant difference in the reaction rate (see sections 5.6.2 and 5.6.10 in the

Supporting Information).

Further evidence against a significant participation of Ni3S: in the mixed-metal sulfide
catalyst arises from the different energy of activation for CLR, which was significantly
higher on pure Ni3S; with 130 kJ mol ™! in comparison to 87 kJ mol ™! on Ni-MoS; (Figure
5.7). This large difference suggests that CLR (more specifically DCO) on Ni-MoS; is not
associated with sites in Ni3S; but with a different type of site. Nickel must, of course, still

be involved, as CLRs are only observed on the Ni-containing catalyst.

N

5 ‘\\‘\' = Ni-MoS, (87 kJmol™)
-1 - \

o Ni,S, (130 kJ mol”)

log (r/ mmolg" h™)
o
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Figure 5.7. Arrhenius plot for the formation of carbon loss reaction products on Ni-MoS2 and NisSz.
Reaction conditions: 513-573 K (other parameters: see Figure 5.1).

With the negligible contribution of segregated Ni»S; to the activity of Ni-MoS; and the
different catalytic performances (product distribution and activation energies) of MoS»
and Ni3S2, we conclude that the dominant active phase in Ni-MoS> is MoS; with Ni
incorporated at the edges. The existence of such a promoted phase is evidenced in
previous studies, where kinetic characterization was complemented with spectroscopic

characterization of materials prepared by the same procedure as used in this work.**#’

The active sites of MoS»-based hydrotreating catalysts are widely accepted to be located

at the (1010) and (1010) surface of the MoS; crystals: i.e., at their metal and sulfur
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edges.’’~%? Sulfur vacancies or coordinatively unsaturated sites (CUS) in these edges play
a key role in the removal of heteroatoms. The hydrogen needed for hydrotreating is
provided by SH groups formed upon H» dissociation. These surface species also exhibit
Bronsted acidity.”> % The partial substitution of Mo by Ni or Co at the edges leads to a
decreased binding energy of sulfur atoms, resulting in an increasing concentration of
sulfur vacancies.”® %! It is known that the CUS in Ni-modified MoS, provides the basis
for highly enhanced desulfurization and denitrogenation activity.”*#*%? Our results
suggest that, in the HDO of carboxylic acids, Ni-associated CUS are involved in

deoxygenation. However, decarbonylation is favored over hydrogenation.

The decreased metal—sulfur bond strength induced by Ni or Co also results in a higher
electron density (basicity) on neighboring sulfur atoms.””%* Thus, these sulfur atoms may
act as basic sites, capable of deprotonating carboxylic acid groups and structures with
strongly polarized C—H bonds. Thus, we propose that coordinatively unsaturated Ni and
the associated more basic sulfur act as the active sites for decarbonylation within the

mechanism proposed in the following (Scheme 5.4).

HiC o R—
W7 He—=c="°
R S v/c‘) g S‘;H f o g Rate determining step
“CH, MoQS;Niff,,S\TMoT,S\?Mo —_— Mo,,,,sy..mf,s\TMo,/,,S;Mo at p(Hy) < 2.5 MPa
Hiss o ARSI ARSI _H,0
v N~
C
\ 2 3
OH R
—
\ .
M /S\N. L] M /S\M 1 []= Coordinatively 4 S HC\*/C/
OQS?" "'{Sy O"’Sy"' ° unsaturated site [| / S
Mo, g Nig, MO Mo
° R N N7 NSNS
N ! PN R + S S S
R - RT X R 6 K 5
‘ ﬁ ﬁH ﬁ HC\\C//O
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R MO.., ¢ Nic MO < Mo MO, ¢ NiG 1 MO < Mo
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Scheme 5.4. Suggested mechanism for the decarbonylation of fatty acids on Ni-MoS: catalyst
under an Hz atmosphere.

In a mechanism where the primary adsorption sites are CUS, the fatty acid binds
dissociatively, forming a Ni—O bond. The proton of the OH group attaches to the adjacent
bridging sulfur atom (Scheme 5.4, step 1 — 2). In the next step the C—O bond cleavage
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is induced by strong interaction with the oxophilic Mo cation, comparable to the situation
encountered on reducible oxides, such as ceria and zirconia.’*% It is important to note
that structure 2 corresponds to an activated acyl compound (“acyl pseudo-halide™) with a
strongly polarized C—H bond in the o position (because the strong electron withdrawal
from the activated carbonyl group stabilizes the conjugate base). An adjacent basic sulfur
atom abstracts one of the o protons to form the ketene intermediate 3 coordinated to Ni.
From an organic chemistry point of view, the formation of ketenes from activated acyl
compounds has been long known as a route to ketenes.* In turn, ketene intermediates
have been reported in connection with fatty acid deoxygenation on Pd/Al,Os; and Ni/
Zr0,.%33% Once a ketene is formed from the adsorbed carboxylic acid, the preferred
coordination geometry is a #*(C—C) complex (4).°%%” This requires the prior removal of
oxygen from the CUS; otherwise, complex formation may be hindered due to steric and
electronic restraints (heptacoordinate Ni(Il) complexes are extremely rare®). The
dependence of decarbonylation initial rates on an H» pressure below 2.5 MPa indicates
that the H»-assisted oxygen removal from the surface is indeed the rate-determining step
at low hydrogen coverages. At high H> pressure, when the regeneration of the CUS by
activated hydrogen does not limit the reaction, the rate-determining step consists of the
cleavage of the ketene C—C bond (5), resulting in the elimination of CO. It should be

noted in passing that ketenes are highly prone to decarbonylation.®

In the present case, decarbonylation of the ketene is aided by an adjacent Mo atom,
further weakening the C—C bond by interacting with the carbonyl carbon. A carbene-like
surface species (6) is suggested to form as a result of this reaction, in analogy to the well-
known thermal decomposition of ketenes.”” The final step of the catalytic cycle has two
potential pathways for the elimination of the surface carbene 6: i.e., the isomerization to
a terminal olefin with simultaneous Ni—C bond cleavage or the sequential hydrogen
addition to the corresponding alkane 6a. We conclude that the olefin formation is
kinetically favored because pentadecenes were the primary decarbonylation products of
hexadecanoic acid. On the other hand, decarbonylation can also directly produce alkanes
without intermediate olefin formation as was the case with the 2-adamantanylacetic acid

reactant.

According to this mechanistic description the key surface species for decarbonylation

on Ni-MoS; is a ketene intermediate, formed by deprotonation of the adsorbed acyl
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compound (Scheme 5.4, steps 2 and 3). The proton acceptor site required is the basic
sulfur species close to Ni. The same acyl intermediate helps to explain the catalytic
pathway on MoS». In this case, the lower electron density of S>~ on MoS: drastically
decreases the ability to abstract H" from the S carbon atom, hindering the ketene
formation (Scheme 5.5). Thus, the carboxylic acid is selectively reduced to an aldehyde
by the hydrogenolytic cleavage of the C—O bond. As H> adsorbs dissociatively on
sulfides, forming surface SH groups, the reaction order in H, for HDO (close to 1) points
to a stepwise hydrogen addition, where the addition of the second hydrogen atom is the
rate-determining step for the formation of the aldehyde.”*>! Note that the complete
absence of sulfur containing products led us to conclude that nucleophilic OH to SH

exchange reactions do not occur.

Ni-MoS,
labile sulfur,
electron-rich

RW
CH _O
\ H:) \?/
LsY o

MoS, R
strongly bound sulfur,
electron-poor

H | H
S ﬁ:l .0 S
MowSyNiQS\‘.Mo./,,S;Mo Mows\‘.Mo/.,,S\?Mo./,,S;Mo
S S/ S S/ S S
DCO route HDO route
(via ketene) (via aldehyde)

Scheme 5.5. Different chemical nature of S atoms adjacent to the vacancy determines the
reactivity toward the activated acyl compound (adsorbed carboxylic acid).
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53 Conclusions

Hydrodeoxygenation (HDO) of fatty acids on MoS» occurs through a stepwise reaction
initiated by C—O hydrogenolysis of the fatty acid to the aldehyde, followed by
hydrogenation to the corresponding alcohol. The final transformation of the alcohol to the
fully deoxygenated product occurs by sequential dehydration—hydrogenation, indicated
by the high concentration of 1-olefin in the olefin isomer fraction as well as the global

prevalence of olefins over alkanes at intermediate fatty acid conversions.

Carbon loss reactions (CLR), leading to Cy-1 hydrocarbons, occur in parallel to HDO.
In comparison to MoS», the Ni-promoted catalyst and especially Ni3S, drastically enhance
the formation of carbon loss products, highlighting the key role of Ni** in C—C bond
scission reactions. However, different experimental activation barriers for the formation
of carbon loss products on Ni-MoS; and Ni3S; and differences in activity normalized per
surface area indicate that promoted Ni—Mo sites, rather than segregated Ni sulfides in Ni-

MoS,, catalyze CLR.

Scission of C—C bonds, related to Ni-associated vacancies, results in the concurrent
formation of equimolar amounts of CO and Cy-1 hydrocarbons, exposing the decarbon-
ylation—type nature of the carbon loss route. The high selectivities toward the HDO
products observed with aldehyde and alcohol reactants — also in the presence of com-
peting fatty acid compounds — allow us to conclude that the HDO and decarbonylation

pathways are not interconnected by an aldehyde or alcohol intermediate.

Thus, the decarbonylation of fatty acids occurs through a sequential dehydration-
decarbonylation mechanism, in which a ketene is the key intermediate for the subsequent
C—C cleavage. An increasing reaction order in H» at decreasing partial pressures marks
the transition of the rate-determining step from C—C cleavage toward the regeneration of
active sites. Experiments with branched fatty acids reveal that the immediate product of
the C—C cleavage is not necessarily an olefin, although olefin formation is kinetically
preferred with a linear reactant. Where o hydrogen atoms are not available, the decar-
bonylation directly produces an alkane. The fundamentally different reactivity of Ni-
MoS: in comparison to MoS; is interpreted in terms of labilized, electron-rich sulfur sites

resulting from the presence of Ni.
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5.6 Supporting information

5.6.1 Experimental procedures

Preparation of catalysts

All chemicals and reagents were used without further purification. Ammonium
molybdate tetrahydrate (99.98 % trace metal basis), sodium sulfide nonahydrate (99.99 %
trace metal basis), maleic acid (> 99 %), ammonium hydroxide solution (28-30 wt%), and
ammonium sulfide solution (40—48 wt%) were supplied by Sigma-Aldrich. Nickel nitrate
hexahydrate (99.9985 % trace metals basis) was purchased from Alfa-Aesar. Dodecane
(>99 %, Sigma-Aldrich), hexadecanoic acid (analytical standard, Fluka), hexadecanal
(>97 %, TCI), hexadecanol (analytical standard, Fluka), and heptadecane (analytical
standard, Fluka) were used without further purification. Gases were of 99.995 % purity
and supplied by Westfalen.

Ni-Mo mixed oxide, serving as a precursor for unsupported Ni-MoS,, was synthesized
by pH controlled co-precipitation in alkaline aqueous solution.’ First, a solution of 5.30 g
(3.00 mmol Mo) of (NH4)sM07024:4 H>O in 120 mL deionized water was prepared by
stirring at ambient temperature. The pH was then adjusted to 9-10 by adding 4.5 mL of
aqueous NH4OH (28-30 %) after which the solution was heated to 363 K. Subsequently,
a solution of 8.73 g (3.00 mmol Ni) of Ni(NO3)2:6 H>O in 7.5 mL water was heated to
333 K and slowly added to the alkaline molybdate solution during 30 min while stirring
vigorously. The pH was maintained constant at 9-10 during the first 10 min by adding
appropriate amounts of NH4OH solution. During the addition of Ni-nitrate, a yellow-
greenish slurry was formed, which was stirred at 363 K for an additional 30 min period.
While still hot, the mixture was filtered and the precipitate dispersed in a solution of
0.264 g of maleic acid in 45 mL of water. After stirring the resulting slurry at 343 K for
30 min, the precipitate was filtered once more, washed with 10 mL of water and dried
over night at room temperature. Finally, the pre-dried solid was heated to 393 K for 6 h
in a flow of synthetic air (40 mL min™' g'') using a heating rate of 1 K min™'. After grinding

in a mortar, 5.5 g of yellow-greenish Ni-Mo mixed oxide powder were obtained.

Unpromoted MoS: catalyst was prepared by decomposition of ammonium tetrathio-

molybdate (ATM).? ATM was prepared by adding a large excess of aqueous ammonium
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sulfide solution (64.0 g, 40—48 %, Sigma-Aldrich) to a solution of 8.00 g (NH4)sMo07024 -
4 H>O in 40 mL water while stirring at ambient temperature. The resulting solution was
heated to 333 K and maintained at this temperature for 1 h, after which it was cooled in
an ice bath for 3 h. Washing with dry 2-propanol and subsequent drying in vacuum at
ambient temperature over night yielded 10.5 g of red ATM crystals. Decomposition of
ATM to MoS: was performed by subjecting it to the sulfiding procedure described below.

NisS, was prepared using a low temperature procedure.’ A solution of 6.00g
(25.0 mmol) of Na>S-9 H>0O in 150 mL of water was slowly added to a solution of 10.9 g
(37.5 mmol) of Ni(NO3)2-6 H20. The addition was performed at room temperature during
1 h under vigorous stirring. The black precipitate was filtered, washed several times with
water and once with acetone. After drying in air at room temperature over night, the black
powder was heated to 573 K at a rate of 3.3 Kmin™ in a flow of 40 mL min' g! of H>S
(10 vol% in Hz) for 3h and subsequently in H> for 4h at the same flow rate and

temperature.

The typical sulfiding procedure consisted of mixing approximately 0.5 g of precursor in
powder form with 1.50 g of SiC (0.5-1 mm fraction) and placing the solid mixture inside
a glass coated tubular fixed bed reactor of 4 mm inner diameter. Sulfidation (decom-
position) was then carried out during 8 h in a flow of 20 mL min™! ¢! of H>S (10 vol% in

H.) at 673 K and atmospheric pressure using a heating rate of 5 K min!.

Characterization methods

Elemental analysis of sulfided catalyst samples was performed after acidic digestion
and subsequent photometric determination using a Shimadzu UV-160 photometer (for Co,
Ni, Mo). For determination of the sulfur content an Elementar Vario EL combustion
analyzer was employed. Textural parameters were determined by nitrogen physisorption
performed on an automated PMI Sorptomatic 1990 instrument at liquid nitrogen
temperature. The samples (ca. 250 mg) were outgassed in vacuum at 523 K for 2 h prior
to adsorption. Specific surface areas (m? g'!') were obtained by applying BET theory on
the adsorption isotherms. Sulfided catalyst samples were also characterized by X-ray
diffraction (XRD) with a Philips X Pert Pro diffractometer in Bragg-Brentano geometry
using Cu-Ko radiation (Ka2/Kai =0.5) operating at 45 kV/40 mA. XRD measurements

were carried out using a rotating zero-diffraction plate (single crystal of Si cut in special
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orientation). The step size was fixed to 0.017 °0 with a dwell time of 115 ms per step.
Crystallite size and stacking degree of MoS:, phase was calculated from the (002)
reflection using the Scherrer equation with a shape factor of 0.9. An average distance of
0.62 nm between two slabs was assumed for calculation of the stacking degree. Ni3S»

crystallite size was determined in a similar way from the (110) reflection.

Catalytic tests

Kinetic measurements were performed in batch mode using a 300 mL stirred tank
reactor supplied by Parr Instrument Company. In a typical experiment, the reactor was
loaded with 50 mg of catalyst powder and 100 mL of reactant solution at a concentration
of 5gL! in dodecane. Note the different catalyst loading in olefin hydrogenation
experiments (25 mg) and hexadecanoic acid deoxygenation with Ni3S, (250 mg). The
reactor was then closed and purged with ca. 1 MPa of nitrogen for six times, after which
it was left with atmospheric pressure of nitrogen and heated to reaction temperature under
mild stirring (200 rpm) to obtain a homogeneous heat distribution. At the desired reaction
temperature, a reference sample of the liquid phase (t=0 min) was taken from a built-in
sampling valve equipped with a 2 um filter while still in nitrogen atmosphere. At this
stage the conversion was always below 3 %. Then, the stirring rate was increased to
600 rpm and the reaction was started by applying the desired pressure of hydrogen
(typically 5 MPa). Under operating conditions the partial pressures of hydrogen, solvent
and nitrogen were 5.0, 0.4 and 0.2 MPa, respectively. Liquid samples of approximately
0.5 mL were taken at predetermined time intervals, amounting to a loss of 5 % of the
liquid phase by the end of the experiment, which typically lasted 3 h. Gas phase samples
were taken at the same time as liquid phase samples. For this purpose, a small portion of
the gaseous mixture in the head-space of the reactor was released through a separate
transfer line, which was directly connected to the inlet of a gas chromatograph. When gas
phase analysis was not performed, the total pressure in the reactor remained virtually
constant over the whole duration of the experiment. In the cases where gas phase analysis
was employed, the pressure loss was about 0.05 MPa per sample, amounting to
approximately 0.5 MPa in total.

Conversion = (1 - M) X 100 mol% (S5.1)

cr(to)
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. _ [ ci®) Hr
Yield = (—CT (to)) X (ﬂi) x 100 mol% (S5.2)
Selectivity = (#%) x (Z—) x 100 mol% (S5.3)

Conversion, selectivities, and yields were calculated according to equations (S5.1-3),
where ¢, indicates the concentration of a reactant species 7, and c; indicates the
concentration of a product or intermediate species i. Yield was defined as the amount of
reactant 7 to form a specific product i per amount of reactant present initially. Selectivity
was defined as the amount of reactant » to form a specific product i per amount of reactant
consumed. Stoichiometric coefficients for product and reactant species are given by
factors p; and p,, respectively. All concentrations are given in mol L!. Reaction rates are
given as initial rates in the unit of millimol of reactant consumed or millimol of product
formed per gram catalyst and hour. Rates were determined as the slope of concentration
versus time data obtained at low conversions (typically below 15 %). For all experiments
reported herein the molar balance in the liquid phase was equal to or better than 97 %. All

measurements were conducted under kinetically limited conditions (see section 5.6.11).

Sample analysis

Liquid samples were analyzed offline in an Agilent 7890B gas chromatograph equipped
with a flame ionization detector (FID) and an Agilent 59774 mass spectrometer. The
liquid sample (1 pl) was injected onto a HP 5ms column (30 m % 0.25 mm % 0.25 um) at
an inlet temperature of 573 K using a split ratio of 50 (He). The column temperature was
initially held at 353 K for 1 min, then increased to 573 K at a rate of 20 K min™! and held
at this final temperature for further 11 min, while the column flow was maintained
constant at 1 mL min! (He) for the whole duration of the measurement. The FID was
operated at 573 K. Identification of analytes was performed using the retention times of
commercially available pure substances or via the attached mass spectrometer, where
necessary. Quantification of reactants via the FID-signal, especially hexadecanoic acid,
required chemical derivatization with a silylation reagent to convert reactive hydroxyl
and carboxyl groups to the respective trimethylsilyl esters. For this purpose, an excess of
Supelco Sylon BFT (i.e., N,O-Bis(trimethylsilyl)trifluoroacetamide with trimethylchloro-
silane, 99:1) was added to each sample, which was then heated to 353 K for 1 h before

analysis. For quantification of fatty acid anhydrides, a different procedure was employed:
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0.5 mL of liquid sample was first diluted with an equal volume of CHCl3 and agitated
until a clear solution was obtained. Each sample was then separated into two equal
portions, the first one being derivatized with Sylon BFT for fatty acid determination, the
other one being mixed with an excess of diethylamine followed by heating to convert

fatty acid anhydrides to the corresponding diethyl amides.

For the majority of our analyses it was not necessary to distinguish between alkanes and
olefins of the same carbon number. These compounds were therefore referred to as Cis
hydrocarbons and Ci6 hydrocarbons, i.e., pentadecane with pentadecenes and hexadecane
with hexadecenes, respectively. Where a distinction between olefins and alkanes was
necessary, it was achieved by manual separation of the overlapping GC-FID signals using
an appropriate number of Gaussian functions. A physical separation could not be obtained

on the installed GC column.

Gas phase samples were analyzed online in an Agilent HP 6890 GC equipped with a
thermal conductivity detector, a bonded polystyrene-divinylbenzene column (HP PLOT-
0,30m, 0.53 mm, 40 um, column “A”) and a packed molsieve column (HP PLOT-MS5A,
30 m, 0.32 mm, column “B”). The gaseous reactor effluent was directly transferred via a
tube from the reactor into a sample loop (250 pL volume), constantly heated to 353 K,
and then injected onto column A at 373 K using a split ratio of 10 (He). After elution and
detection of CO; from column A, an internal valve was activated to pass the remaining
analytes onto column B for further separation. The temperature of the column compart-
ment was held constant at 323 K for 5 min and then heated to the final temperature of
473 K at a rate of 10 K min'!. The column flow was maintained constant at 2 mL min™..

The detector used He as a reference gas and was constantly heated to 523 K.
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5.6.2 Catalyst characterization

Elemental analysis of the material obtained by thermal decomposition of (NH4)2MoS4
in reductive environment at 673 K conformed to a mostly pure molybdenite (Mo01.0S2.1)
having minor impurities of sulfur-rich phase as indicated by the slight excess of sulfur

(Table S5.1).

Table S5.1. Physicochemical properties of metal sulfide catalysts and specific rates for
hexadecanoic acid deoxygenation (573 K, 5.0 MPa hydrogen).

Elemental composition

Catalyst (atomic-%) XRD phases Specifi((:nfg ;f_a};:e area
Mo Ni S

MoS: 32.6 - 67.4 MoS:2 29.8

Ni-MoS:2 19.7 21.1 59.2 MoSz2, NisSz, NisSs 26.4

NisS2 - 59.7 40.3 NisS2 4.7

The mixed Ni-Mo sulfide had a composition according to the formula Nij.0Mo1.0S3.0
and thus exactly reflected the 1:1 molar ratio of Ni to Mo used in the preparation of the
oxide. The lower metal to sulfur ratio in this material indicates the presence of sulfide
species with sub-stoichiometric concentrations of sulfur. Indeed, X-ray diffraction
patterns evidence the existence of crystalline NiSix phases in addition to MoS» (Figure
S5.1). The main constituent of nickel subsulfide phase was NizS; with a minor
contribution by NisSg, which can be expected to transform into Ni3Sz under reaction

conditions (Figure S5.2).

The presence of segregated Ni-sulfides is a consequence of the high concentration of
Ni in multimetallic precursors prepared by precipitation (effectively limiting the molar
metal fraction of Ni to 0.5) and of the absence of a support.* To assess the reactivity of
segregated Ni sulfide, a Ni3S; sample was included in the study and characterized by the
same means as MoS; and Ni-MoS,. The surface area of Ni3S, (4.7m2g"') was
considerably lower than that of MoS, and Ni-MoS, with 29.8 and 26.4 m2g’!, respec-
tively. This conforms to the sharp and intense reflections found by XRD for pure Ni3Sa,
which are characteristic for a highly crystalline material with large particle size (Figure

S5.1). Applying the Scherrer equation on the (110) reflection of Ni3S», an average crystal
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size of 214 nm was obtained for the pure material, whereas 75-217 nm were obtained for
segregated Ni3S; in Ni-MoS; (see section 5.6.7) From the average crystallite size, a
surface area of 4.8 m? g™ could be calculated for the pure NisS,, which is in excellent
agreement with the value determined by N, physisorption (4.7 m?g"'). An identical
calculation performed for NizS; in Ni-MoS; yielded a specific surface area of 5.5—
16 m? g'!, indicating that Ni3S> in Ni-MoS, was moderately better dispersed than in pure
Ni3S,. While Ni-sulfide dispersion was different, a corresponding analysis of the MoS>
reflections revealed similar properties for MoS> and Ni-MoS,: the respective crystallite

size was 4.6 nm and 3.9 nm, corresponding to a stacking degree of 7.4 and 6.3.

¢ MoS,
* Ni,S,
i 0 NigS,
El
L
=
D
c
o
c
7 J J NiS,
L L L AL I R DL LR I B
10 20 30 40 50 60 70

Diffraction angle (°2 Theta)

Figure S5.1. Powder X-ray diffractograms of transition metal sulfide catalysts before reaction.
Intensity of NizSz not to scale.

Post-reaction characterization in the case of Ni-MoS, showed dramatic changes to the
segregated Ni sulfide components, while the MoS, phase was not affected by the catalytic
test reactions (Figure S5.2). X-ray diffractograms of the used Ni-MoS: catalyst showed
phase transformation of the Ni sulfide phases. While the fresh catalyst (before reaction)
showed reflections attributed to Ni3Sz and NioSs, the spent catalyst (after 2 reactions at
full conversion) shows only NisS; reflections, which in addition are sharper and more
intensive than in the fresh sample. Both diffractograms also exhibit characteristic MoS»
reflections, but these are not affected by the catalytic test runs (unchanged position and

stacking degree).
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The disappearance of NigSg in parallel with the intensification of Ni3S> reflections
indicate the transformation of one phase to the other in agreement to the known reduction
of NioSg (and other Ni sulfides) to Ni3S; in the presence of hydrogen at elevated
temperatures. The transition among the NiSx phases does not affect our conclusions

because they are not catalytically relevant.

The fact that Ni3S; reflections were more intensive and sharper after reaction indicates
the sintering of originally small particles to larger ones. This means that their specific
surface area decreases, and therefore, their potential contribution to the total reaction rate
decreases as well. This supports our conclusion that Ni sulfides are mere spectator species
because the reaction rate is the same when a recycled catalyst is used instead of a fresh
one, despite drastic transformations in the NiSx phases (see section 5.6.10 for a more

detailed discussion of catalyst stability).

#Ni.S,
o MoS2

Intensity (a.u.)

10 ' 20 30 40 50 60
Diffraction angle (°2Theta)

Figure S5.2. Powder X-ray diffractograms of Ni-MoS2 before (bottom) and after reaction (top).
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5.6.3 Alkane/alkene equilibrium during HDO of fatty acids

We compared the observed molar fraction of 1-hexadecene in the hexadecene pool with
the calculated molar fraction in an isomeric equilibrium mixture at reaction temperature
(Figure S5.3). Note that the calculation was performed with octenes instead of hexa-
decenes because detailed thermodynamic data for the latter were not available. For the
parameters of interest, however, it is expected that the calculations on octene give a good

indication for the thermodynamics of hexadecene.
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Figure S5.3. Experimental molar fraction of 1-hexadecene in the hexadecene pool and calculated
molar fraction in an equilibrated isomeric mixture of hexadecenes. Reaction conditions: batch
reactor, 573 K, 5.0 MPa H2, catalyst (0.50gL""), hexadecanoic acid (5.0gL"), solvent (n-
dodecane, to 100 mL).
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5.6.4 Olefin hydrogenation on Ni-MoS:2 and MoS:
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Figure S5.4. Concentration profiles obtained during hydrogenation of 1-pentadecene on Ni-MoS:2
and MoS: catalysts. Reaction conditions: batch reactor, 573 K, hydrogen (5.0 MPa), catalyst
(0.25gL"), 1-pentadecene (5.0 g L"), dodecane (to 100 mL).

5.6.5 Parallel evolution of CO and pentadecane/-decenes
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Figure S5.5. Parallel equimolar evolution of CO and pentadecane/-decenes during the deoxy-

genation of hexadecanoic acid on Ni-MoS:2. Reaction conditions: 573 K, hydrogen (5 MPa),
hexadecanoic acid (5 g L"), catalyst (0.5 g L"), solvent (dodecane, to 100 mL).
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5.6.6 Water-gas-shift equilibrium
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Figure S5.6. Calculated water-gas-shift equilibrium as a function of temperature for a 100-fold
excess of hydrogen (1 mol CO2, 100 mol Hz) at 5.0 MPa total pressure. The parameters were
chosen as to represent the situation in the reactor during the deoxygenation of hexadecanoic acid
(H2/reactant = 107 mol mol).

5.6.7 Discrepancy between calculated/observed CLR rate on Ni-MoS:

The specific decarbonylation rate of pure Ni3S, was determined to be 6.5 mmol g h.
This catalyst had a specific surface area of 4.7 m?> g’! (BET), which agrees well with the
surface area estimated from XRD peak width using the Scherrer equation (4.8 m?g™).
Accordingly, the surface-normalized decarbonylation rate amounts to 1.4 mmol m?h™.
Ni-MoS: on the other hand, showed a specific decarbonylation rate of 28.4 mmol g' h™!,
which converts to a value of 99.0 mmol g’ h!, if the rate is normalized to the mass of
segregated Ni3S only (with 0.287 g of Ni3S; per g of Ni-MoS;, assuming all Ni is present
in the form of Ni3S»). The surface area of segregated Ni3S, was estimated to be between
5.5 and 16 m>g"! from XRD peak width using the Scherrer equation (details below).
Assuming that only the segregated Ni3Sz in Ni-MoS: is responsible for decarbonylation,
its surface-normalized rate would need to be a factor 4.5 to 13 larger than in pure NizSo.
Without introducing additional hypotheses to account for this discrepancy, we may,
therefore, dismiss extra-crystalline Ni3S» as the relevant active sites for decarbonylation

in Ni-MoS,.
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Details of the calculation: baseline correction was done according to the Sonneveld-
Visser algorithm in the HighScore Plus software package (PANalytical). For the ‘strong’
background correction a bending factor of 5 and a granularity of 30 were used, while for
the ‘weak’ correction the corresponding parameters were 0 and 100, respectively. A series
of Pseudo-Voigt functions were fitted under selected reflections assigned to segregated
Ni-sulfides at the positions 27.4, 31.2 and 31.4 °20. Applying the Scherrer-formula with
shape factor 0.9 to the respective peak widths (FWHM), we obtained a range of crystallite
diameters between 75 and 217 nm (Table S5.2). These were then used to calculate the

specific surface area of segregated Ni3S; in Ni-MoS; (between 16 and 5.5 m>g!).

Table S5.2. Observed powder diffraction parameters of segregated NizS2 in Ni-MoS:2 and
calculated physical properties (crystallite size and specific surface area).

Strong background correction Weak background correction
Position FWHM Diameter Surface area FWHM Diameter Surface area
°2Theta °2Theta nm m2 gt °2Theta nm m2 g-'!
274 0.160 136.3 8.8 0.209 75.0 16.0
31.2 0.183 99.4 121 0.206 77.8 15.4
314 0.138 2171 5.5 0.158 143.5 8.4
5.6.8 Possible role of reactive anhydride intermediates

Reactive anhydride intermediates have recently been proposed as a key species in the
decarbonylation of carboxylic acids. Such species could form by condensation of two
carboxylic acid molecules and subsequently decarbonylate to one terminal C.; olefin and
one C, carboxylic acid. While there are no reports in connection with sulfide catalysts
yet, fatty acid decarbonylation was reported to proceed over anhydride intermediates on
Pd/Al,03 and Ni(OAc); in nitrogen atmosphere.”% Judging from our experimental results,
however, the formation of reactive anhydride intermediates is an unlikely explanation for
the decarbonylation of hexadecanoic acid. When hexadecanoic acid anhydride (HAA)
was heated in hydrogen atmosphere in presence of Ni-MoS; catalyst (Figure S5.7), it was
fully converted before the desired reaction temperature was reached (573 K). Up to a

temperature of 473 K (46 % conversion) extensive hydrolysis of the anhydride was
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observed and hexadecanoic acid was the only product present. Even though care was
taken to perform the experiment in an anhydrous environment, residual trace amounts of
water were obviously sufficient to hydrolyze a substantial fraction of the anhydride before
other reactions started to set in. Only after significant concentrations of hexadecanoic acid
were present, other products started to form, i.e., pentadecane and pentadecenes, as well
as the HDO products hexadecanal, hexadecanol, hexadecane and hexadecenes. This
supports the view that those products are formed from hexadecanoic acid. In addition,
there was no direct evidence for anhydrides when the reactant was hexadecanoic acid,
i.e., neither HAA itself could be detected, nor characteristic products, such as
dipentadecyl ketone or hentriacontane. The fact that HAA was readily hydrolyzed in an
almost anhydrous environment, even at moderate temperatures, clearly disfavors its

suggested key role in hexadecanoic acid decarbonylation on Ni-MoS,.
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Figure S5.7. Temperature dependent product yields during the conversion of hexadecanoic acid
anhydride on Ni-MoS2. Reaction conditions: batch reactor, hydrogen (5.0 MPa), catalyst
(0.5 g L"), hexadecanoic acid anhydride (5 g L-'), dodecane (to 100 mL).
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5.6.9 Temperature-dependent concentration profiles
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Figure S5.8. Initial evolution of pentadecane and pentadecenes products during hexadecanoic
acid deoxygenation at different temperatures on NiszS2. Reaction conditions: batch reactor,

hydrogen (5.0 MPa), catalyst (0.5 g L-'), hexadecanoic acid (5 g L-'), dodecane (to 100 mL).
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Figure S5.9. Initial evolution of pentadecane and pentadecenes products during hexadecanoic
acid deoxygenation at different temperatures on Ni-MoS2. Reaction conditions: batch reactor,

hydrogen (5.0 MPa), catalyst (0.5 g L"), hexadecanoic acid (5 g L"), dodecane (to 100 mL).
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5.6.10 Catalyst stability

Potential catalyst deactivation has to be considered when interpreting kinetic data. To
rule out deactivation on the time scale of our experiments, we looked at the correlation of
the logarithmic reactant molar fraction (In [c/co]) and reaction time, which were linear in

all cases. A deactivating catalyst would notably deviate from the linear correlation (see

Figure S5.10).

In addition, we performed recycling experiments with used catalysts instead of freshly
sulfide ones. For this purpose, we cooled down the reactor while still in hydrogen
atmosphere after fully converting the first batch of reactant. Then a second batch of
reactant was added and the reaction repeated under identical conditions. We obtained
comparable rates in both catalytic test runs, indicating that deactivation did not occur
under the tested conditions. On Ni-MoS;, for example, the specific rates were
51.8 mmol g h'! and 53.0 mmol g’ h'! in the first and second run, respectively (the rates
can be considered as equal within the experimental margin of error of approximately

+5%).
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Figure S5.10. Linearized concentration-vs.-time plot for a first order reaction with different
deactivation severity. The deactivation is modeled in terms of decreasing active site concen-
trations (i.e., site concentration decreases as a function of time and deactivation rate constant,
see equations below).
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Derivation of linearized first-order rate equation with first-order deactivation:

dc

== —k - ¢+ Ng (S5.4)
NS == NS,O . e_kdt (SSS)
&= k- Ngo-ekat (S5.6)
1 -
codc=—k-Nso-e katdt (S5.7)
[®2dc=—k-Ngg- [ e katdt (S5.8)
c c(t) S0 Jo :
1n(£)=—k-N  L-eThatae (S5.9)
Co S,0 kd ’
with
% Rate of reactant consumption
k Rate constant
kq Deactivation rate constant
Ng Number of sites
0,t Att=0,t=t
5.6.11 Influence of mass transfer limitations

To ensure that the measurements were conducted in absence of external mass transfer
limitations, a series of experiments with varying stirring rate was performed, showing no
further increase of the hexadecanoic acid consumption rate above 500 rpm. To exclude
internal mass transfer limitations, we used a theoretical approach and calculated the
effectiveness factor as a function of particle diameter (Figure S5.11). Using a simple
digital microscope (Figure S5.12) we recorded micrographs of the powders, which show
loose agglomerates of very fine particles (estimated diameter 5—10 um). This results in
effective-ness factors very close to 1 and indicates that internal diffusion limitations are

not relevant under the studied reaction conditions.
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The binary diffusion coefficient of hexadecanoic acid in dodecane was calculated

following the empirical Wilke-Chang formula’:

Dyp =74%x1078 e

with:

Va

T (xMy)2

(S5.10)

Binary diffusion coefficient of solute A in solvent B

(1.58x10 cm?/s)

Temperature (573 K)

Dynamic viscosity of solvent at T (0.100 cP = mPa s, obtained by
extrapolation from 473 K to 573 K using a power law)
Association parameter (1 for hydrocarbons)

Molecular weight of solvent (170 g/mol)

Molecular volume of solute at normal boiling point (379 cm?*/mol,

using additive method according to Le Bas®)

The binary diffusion coefficient D, was then used to calculate an effective diffusion

coefficient for the diffusion in the catalyst pores:

4
d
Daspore = Da - (1= )* = Dy - (1= 72 (5.11)
with:

Dag pore Effective diffusion coefficient in porous solid (1.04x10™* cm?/s)
Dug Binary diffusion coefficient in bulk (1.58x10* cm?/s)
A Hindrance factor (0.1)
dg Effective (smallest) diameter of solute

(5 A for linear hydrocarbons)
dp Diameter of pores (50 A, median pore diameter

from BJH analysis)
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Calculation of the Thiele modulus and effectiveness factor (for spherical particle):

. R_p' k __tanh(¢) Kobs

(p - 3 DAB,pore 77 N 4’ N k (8512)
with:

[0) Thiele modulus (calculated for different particle radii)

R, Particle radius (from 0.5 to 5000 um)

Kops Observed rate constant (0.737 cm?/(g s))

k True rate constant in absence of mass transfer limitations

Dyg pore Effective diffusion coefficient in porous solid (1.04x10™* cm?/s)

The two expressions (for ¢ and ) were then combined and iteratively solved for k at
different particle radii. The results are given in the diagram below. While effectiveness
factors are already a good indicator for the influence of mass transfer, it is also useful to
apply the Weisz-Prater criterion (¥ =17 -¢? < 1 in absence of internal diffusion
limitations), which is easily fulfilled in our case. ¥ becomes much smaller than 1 for
particle diameters below 200 um, while we determined the particle size in our catalysts

to be approximately 5-10 pm.
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Figure S5.11. Effectiveness factor and Weisz modulus calculated for Ni-MoS2 as a function of
particle diameter. The highlighted area corresponds to particle diameters < 200 um, where the
influence of internal diffusion can be neglected.
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Figure S5.12. Optical micrograph of the catalyst powder (Ni-MoS:). Loose aggregates of fine
primary particles (5—10 um) are visible.
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6 Concluding summary

Hydrotreating is one of the most important industrial applications of heterogeneous
catalysis. In this process, petroleum fractions are exposed to hydrogen at high temperature
and pressure to remove heteroatoms bound in organic compounds and to saturate olefins
and aromatics. The removal of heteroatoms, in particular sulfur and nitrogen, is not only
necessary because of increasingly demanding environmental regulations but also because
catalysts used in other refinery processes are irreversibly poisoned by these elements. The
catalysts employed in hydrotreating contain transition metal sulfides (TMS) as the active
phase, most typically alumina-supported MoS: promoted by Ni or Co. In recent years,
also highly active unsupported catalysts have started to become more common in industry
mainly as a result of tighter fuel specifications and the need to upgrade “heavier”
feedstock (i.e., petroleum of poor quality). The historical development and the current

state-of-the-art of hydrotreating catalysis are reviewed in chapter 2 of this thesis.

In addition to being the workhorse of today's refineries, transition metal sulfides may
also play a key role in the production of sustainable hydrocarbon fuels. Hydrotreating of
lipid biomass could be a practical alternative to the petroleum based process, as the
resulting biofuels are chemically and functionally identical to their conventional
pendants. Hydrotreated lipids could be merged with relative ease into the existing network
of fuel distribution and refining, which is not possible with contemporary biofuels like
biodiesel and bioethanol. The potential challenges and benefits of lipid hydrotreating, as
well as our current understanding of the science behind these transformations are

reviewed in chapter 3.

The present work is focused on unsupported (“bulk™) catalysts, which is not only
because of the recent industrial interest in these materials but also because only the
absence of a support allows one to isolate the properties of the active sulfide phase (no
confounding support interactions). Unfortunately, some valuable characterization tech-
niques like infrared spectroscopy are not applicable to bulk sulfides. In addition, bulk
sulfides are particularly affected by promoter segregation, which further adds to their
complicated characterization. Essential questions regarding the catalytic features of bulk

TMS have thus been left unanswered. Most importantly, it has proven difficult to establish
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firm structure-activity relationships, even though these are vital for the development of
more active and selective catalysts. Note that this lack of knowledge applies similarly to
catalysts used in conventional applications, e.g., desulfurization of petroleum fractions,
and those envisaged for novel process, such as lipid hydrotreating. Regarding
hydrodesulfurization (HDS) catalysts, enhancing the hydrogenation performance will be
a key step towards the conversion of increasingly refractory feedstock at moderate
temperature (chapter 4). By contrast, one of the greatest challenges concerning catalysts
for lipid hydrotreating will be to understand and control the formation of carbon oxides,
as these by-products severely decrease the overall efficiency of the process (chapter 5).
Accomplishing these tasks requires that the active structures and their interaction with

reactants are sufficiently well understood.

The first piece of original research in this thesis (chapter 4) is focused on bulk Ni-Mo
sulfides as catalytic materials for HDS. The major objective is the identification, quantifi-
cation, and the structural and electronic characterization of the active sites in the Ni-Mo-S
phase (as compared to the inactive segregated Ni sulfides, NiSx). For this purpose, four
unsupported MoS»-based catalysts with varying Ni content were prepared by hydro-
thermal reaction and subsequent sulfidation in liquid phase. Unpromoted MoS> and Ni3S;
were used as reference compounds. One portion of each material was further subjected to
an acidic treatment (“leaching”), which consisted in repeatedly soaking the pressed
sulfide powders in concentrated HCI. This procedure was accompanied by gas evolution
(H2S) and a greenish coloration of the solution, indicating dissolution of NiSx. As a result,
all catalyst samples, except unpromoted MoS», exhibited a substantial mass loss on the

order of 25 wt%.

All mixed Ni-Mo sulfides showed poorly defined reflections of nanocrystalline MoS»
in their X-ray powder diffractograms, while reflections of Ni sulfides were only present
in the untreated (“parent”) sulfides. In agreement with these results, elemental analysis
showed a substantial decrease in the atomic Ni/(Ni+Mo) ratio after leaching (from 0.48—
0.60 to 0.20-0.26). Similarly, scanning electron microscopy evidenced the disappearance
of particles identified as segregated Ni sulfides, while MoS2 was not affected. Based on
the combined evidence, it is concluded that HCI selectively removes NiSx particles
without reacting with MoS». The stability of MoS; in presence of HCI was confirmed

experimentally and is also supported by thermodynamic considerations (Pourbaix
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diagram). Furthermore, a substantial increase in the specific surface area of the Ni-MoS;
catalysts was noted upon acid exposure (factor 2), with the exception of one sample. The
changes in surface area are attributed to the uncovering of pore openings and corrugated

surface regions previously blocked by NiSx.

Extended X-ray absorption fine structure (EXAFS) at the Ni K-edge evidenced the pres-
ence of a Ni-Mo contribution in the leached sulfides. The Ni-Mo distance was determined
to be 2.86 A and thus somewhat shorter than between Mo atoms in MoS> (3.2 A). This
close proximity indicates that Ni atoms are chemically bound to MoS,, forming a
bimetallic Ni-Mo-S phase (“incorporated” Ni). In the parent sulfides, by contrast, no
Ni-Mo contribution was observed, which was attributed to the predominance of
segregated NiSx combined with the averaging nature of the measurement. Similar con-
clusions can be drawn from leaching-associated changes in the near-edge structure
(XANES). Leaching also led to a significantly smaller average Ni-S distance (2.22 A vs.
2.26 A), which is incompatible with any known Ni sulfide and was therefore assigned to
Ni-S bonds in the Ni-Mo-S phase. Fitting of EXAFS results with simulated spectra of
model clusters showed that approximately square-pyramidal NiSs units are the most likely
structure of Ni at the MoS, edge (similar to the structural motif of millerite (NiS), a

naturally occurring Ni sulfide).

The distribution of Ni among the active Ni-Mo-S phase and inactive NiSx was analyzed
using a combination of site titration and geometric considerations (obtained by trans-
mission electron microscopy). For the purpose of site quantification, NO was used as a
probe molecule, as it selectively adsorbs on coordinatively unsaturated metal cations
(CUS) at the edges of Ni-MoS,, which are generally accepted as the active sites in HDS.
Untreated samples were estimated to have a 4- to 5-fold excess of Ni with respect to the
calculated maximum amount of Ni incorporable at the MoS: edges. It is therefore con-
cluded that the vast majority of Ni in the parent sulfides is present as segregated NiSx
(90-92 % of Ni), which is in good agreement with EXAFS results. Accordingly, the
proportion of Ni in the active Ni-Mo-S phase was estimated to be a mere 8—10 %. Even
though the excess of Ni was much smaller after leaching (< 2-fold), it is likely that the
treated sulfides still contained considerable amounts of NiSx (60—76 % of Ni in NiSx vs.
24-40 % in Ni-Mo-S). It is speculated that NiSx in the latter might be present in the form

of inaccessible (“internal””) domains.
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As expected from the higher surface area and higher fraction of “active” Ni (Ni-Mo-S),
the leached sulfides converted dibenzothiophene (DBT) with much higher mass-specific
activity (factor 1.6-2.3) under the studied reaction conditions (330 °C, 50 bar H», bench-
scale trickle-bed reactor). It is important to note that the rate enhancement exceeded the
effect of inert mass loss, that is, the concentration of active sites was increased by acid
treatment (“unblocking” of sites). The product distribution was similar across all catalysts
and not affected by leaching, which indicates a similar composition of newly uncovered

and previously blocked active surfaces.

The combination of HDS activity data and site titration revealed a linear correlation
between CUS concentration and direct desulfurization rates (DDS), indicating the pres-
ence of active sites with identical intrinsic activity (turn-over frequency: 70 h! for DDS
and 140 h™! for HYD). By contrast, no correlation was found for the parent samples, which
was attributed to added inert mass and site blocking by NiSy at the accessible surface. For
the leached sulfides, a correlation was also found between CUS and SH group
concentration. While CUS serve as “primary” active sites for reactant adsorption and
coordination, SH groups are critical for supplying dissociated hydrogen for hydro-
genolysis and hydrogenation reactions. Accordingly, this second correlation stresses the
importance of SH groups for HDS catalysis and confirms earlier proposals of fixed CUS-

SH stoichiometry.

Equivalent kinetic and titration measurements on alumina supported Ni-MoS, showed
a comparable site-normalized DDS activity. The hydrogenation activity, on the other
hand, was much higher on the bulk sulfides (factor 15). It is speculated that the lower
averaged Sanderson electronegativity (due to the lack of Mo-O-Al linkages) and the
possibility of planar z-adsorption of DBT on the stacked edges of bulk Ni-MoS; jointly

increase the intrinsic hydrogenation activity of CUS.

From an academic perspective, acidic treatment is a valuable pre-analytic technique for
reducing the contribution of segregated sulfides to analytic results (e.g., EXAFS spectra),
even though it is obviously incapable of completely eliminating the problem. The most
important reason for this is the fact that a considerable portion of NiSx, located at the
interior of the MoS> structure, is not dissolved by the acid. Future studies should therefore

focus on the preparation of bulk catalysts that lack such internal NiSx domains. This may
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be achieved, for example, by impregnating well-defined MoS; crystals with a Ni(Il) salt
solution, followed by sulfidation and finally acidic treatment. In contrast to the present
synthesis protocol, this modified sequence would ensure that Ni atoms are exclusively
present at the accessible edges of MoS>. The combination of the total absence of NiSx
with a well-defined MoS; structure may further enhance the validity of analytical mea-
surements. Of course, the approach may be extended to other metal combinations of
interest, for example, Ni-WS», which is expected to give similar results due to the similar
chemistry of Mo and W. That said, even supported sulfides might be in the scope of such
treatments, although care should be taken to consider additional effects of the acid on the
support. From an applied point of view, acidic treatment could be a scalable route for
optimizing the performance of bulk catalysts employed in the more demanding hydro-
treating operations like residue HDS. Hydrogenation activity is often the bottleneck in
such applications, as heavy feedstocks contain large amounts of polynuclear aromatics
that can only be defunctionalized after prior hydrogenation (i.e., H> addition before C-S

bond scission).

The second piece of original research (chapter 5) is dedicated to the deoxygenation
(DO) of renewable lipid feedstock on hydrotreating catalysts. Also in this case and for the
reasons mentioned earlier, bulk sulfides were chosen as a basis for the study. In view of
the complex composition of naturally occurring lipids, test reactions were performed with
fatty acid model compounds and their derivatives to facilitate product analysis. The
reactions were carried out in liquid phase (reactant diluted in dodecane) using a bench-

scale autoclave reactor operated in batch mode at 300 °C and 5.0 MPa Ha.

The main objective of the study is the elucidation of the reaction network and the
molecular-scale reaction mechanism of fatty acid deoxygenation on bulk Ni-MoS;. To
achieve this goal, a set of catalysts was prepared with the aim to obtain maximal differ-
ences in selectivity towards the DO of the primary model compound, hexadecanoic acid
(Ci6). Of these three materials, unpromoted MoS, had the highest preference for the
hydrodeoxygenation pathway (94 mol% HDO). During this sequential reduction, oxygen
is eliminated as water and the corresponding alkane (hexadecane) is formed, while the
number of carbon atoms of the fatty acid remains unchanged. In contrast to that, NizS

converted the fatty acid primarily via carbon-loss routes (CLR), that is, by C-C scission
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at the carboxyl carbon atom (94 mol% CLR). The mixed Ni-Mo sulfide catalyst, on the
other hand, showed a balanced product distribution of 45 % HDO and 55 % CLR.

These vastly different selectivities proved to be essential for separating the reaction
pathways and understanding the reaction network. It was found that HDO consists of a
series of subsequent reactions initiated by C-O hydrogenolysis. The formation of the
primary product, hexadecanal, is followed by hydrogenation to the corresponding
alcohol, dehydration to 1-hexadecene, and finally hydrogenation to hexadecane. An alter-
native conversion route for the alcohol, C-O hydrogenolysis, was excluded by analyzing
the olefin isomer fraction and the olefin/alkane ratio during the course of the reaction.
Similarly, nucleophilic substitution by surface SH groups was ruled out by excluding the
presence of thiols and other S containing derivatives, and by analyzing the spent catalyst
for losses of sulfur. As expected from the simultaneous presence of fatty acids and alco-

hols, Cs3, ester formation was observed as a minor side reaction in HDO.

Concerning CLR, an analysis of the gas phase showed that the formation of liquid Cy1
products (pentadecane and pentadecenes) was accompanied by the evolution of an
equimolar amount of CO. However, as the detection of CO is compatible with several
mechanistic proposals, additional experiments had to be performed to narrow down the
pool of hypotheses. Specifically, CO formation could also result from the following

reactions:

(i) Primary CO; release and subsequent reverse water-gas shift reaction (“masked”
decarboxylation): This possibility was excluded based on the total absence of CO2, even
though the equilibrium concentration of CO; as predicted by thermodynamics would have

been well within the detection limit.

(i1) Decarbonylation of hexadecanal formed in the HDO route: This reaction was
excluded by running an experiment with hexadecanal as the primary reactant, which was
converted almost exclusively according to the HDO pathway over Ni-MoS:z (93 % selecti-
vity). The experiment was repeated in presence of excess fatty acid to rule out competitive

effects.

(1i1) Direct C-C hydrogenolysis of hexadecanoic acid to pentadecane and formic acid (i.e.,

CO formation by decomposition of formic acid to CO and H>O): This alternative is
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deemed unlikely because neither formate esters nor gaseous formic acid could be
detected. The high selectivity for pentadecenes in the initial reaction stage also disagrees

with C-C hydrogenolysis, as the latter would directly lead to pentadecane formation.

(iv) Decarbonylation of surface acylium ions (R—C'=0) to terminal Cy.1 olefins: While
this mechanism could not be generally excluded, it was shown that an alternative
mechanism whose primary product is a C,.1 alkane must exist. For this purpose, an
experiment was performed using a carboxylic acid with a tertiary f C atom (2-adaman-
tanylacetic acid). Even though this compound does not allow for Cy.1 olefin formation, it

was still converted via CLR just like the linear fatty acids.

It is inferred from the combined evidence that a ketene is the most likely primary
intermediate in CLR. The ketene is formed by dehydration (C-O cleavage) of the fatty
acid on the coordinatively unsaturated sites of Ni-MoS», a process assisted by adjacent
basic S anions. The following regeneration of the active site (i.e., removal of O) can be
the rate determining step, if H» partial pressure is lower than about 2.5 MPa. By contrast,
the rate determining step at higher H» partial pressure (> 2.5 MPa) was determined to be
the decarbonylation (i.e., the C-C cleavage) of the ketene, which is present in form a
1#*(C-C) adsorption complex. The shift of the rate determining step is inferred from the
observed variations in reaction order resulting from different H> pressure. Subsequent
elimination of CO from the adsorption complex results in the formation of a Ni-bound
carbene-like species, which then reacts to a Cy.1 alkane (by hydrogenation) or to a terminal
Ch1 olefin (by rearrangement and simultaneous Ni-C cleavage), depending on the
availability of f H atoms. This mechanistic proposal for the catalytic cycle of CLR is in
agreement with the well-known reactivity of ketenes and, in particular, with their
pronounced tendency to undergo decarbonylation. The fundamentally different reactivity
of Ni-MoS: as compared to MoS: is attributed to the labilized, electron-rich S sites
resulting from the presence of Ni. It should be acknowledged that also Ni sulfides,
represented by Ni3S; in this study, showed a pronounced selectivity for CLR, even though
their contribution was determined to be much smaller than that of the Ni-promoted sites
in the Ni-Mo-S phase. Furthermore, apparent activation energies on NiSx and Ni-MoS:
were substantially different, thus indicating that CLR on Ni-MoS: was not associated with

the simultaneous presence of NiSx.
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The present results on fatty acid DO show that C-C bond scission is inherently linked
to the primary active sites of sulfide-based hydrotreating catalysts. That is, the catalytic
features that enable high HDS and HDN activity in the processing of petroleum-based
feedstock are the very same that lead to undesirable CO formation in the processing of
renewable lipids. This is an unfortunate situation, because catalyst-related strategies for
limiting CO formation in co-processing could have adverse effects on the conversion of
the primary HDS/HDN feed. While part of this dilemma might be resolved by rational
catalyst design, other parameters like temperature, pressure, and feedstock composition
have to be considered as well, if the large-scale co-processing of renewable lipids is to
become an industrial reality. As these trade-offs have to be assessed individually for each

application, hydrotreating of lipids is expected to remain a highly challenging topic.
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7 AbschlieRende Zusammenfassung

Hydrotreating ist eine der bedeutendsten industriellen Anwendungen von heterogener
Katalyse. In diesem Prozess werden Erdolfraktionen bei hohem Druck und hoher Tem-
peratur mit Wasserstoff umgesetzt, um Heteroatome aus organischen Verbindungen zu
entfernen. Unter diesen Bedingungen findet auch eine teilweise Sittigung von Olefinen
und Aromaten statt. Die Entfernung von Heteroatomen, insbesondere Schwefel und
Stickstoff, ist nicht nur wegen der immer strikteren Umweltschutzvorschriften notig,
sondern auch weil Katalysatoren, die in anderen Raffinerieprozessen verwendet werden,
durch diese Elemente irreversibel vergiftet werden. Die Katalysatoren, die beim Hydro-
treating zum Einsatz kommen, enthalten Ubergangsmetallsulfide (TMS) als aktiven
Bestandteil. Ublicherweise handelt es sich dabei um Alumina-getriigertes MoS,, das mit
Ni oder Co promotiert ist. In jlingerer Zeit finden zunehmend auch hochaktive, ungetra-
gerte Katalysatoren Anwendung. Dies ist hauptsdchlich auf strengere Kraftstoffspezifi-
kationen zurtickzufiihren und auf die Notwendigkeit, immer ,,schwerere* Ausgangsstoffe
verarbeiten zu miissen (also Rohdle von schlechterer Qualitit). Die historische Entwick-
lung der Hydrotreating-Katalyse und der aktuelle Stand der Technik werden in Kapitel 2

dieser Arbeit ausfiihrlich erortert.

Neben ihrer Bedeutung als ,,Arbeitspferde* der modernen Raffinerie kénnten Uber-
gangsmetallsulfide auch bei der Produktion von nachhaltigen, kohlenwasserstoffbasier-
ten Kraftstoffen eine Schliisselrolle spielen. Hydrotreating von Lipidbiomasse konnte
dabei eine praktikable Alternative zum erddlbasierten Prozess sein, da die entstehenden
Produkte chemisch und funktional identisch zu ihren konventionellen Gegenstiicken sind.
Solche Biokraftstoffe konnten relativ einfach in bestehende Raffinerie- und Verteilungs-
netzwerke eingebunden werden, was mit den heutigen Biokraftstoffen wie Biodiesel und
Bioethanol nicht moglich ist. Kapitel 3 dieser Arbeit fasst den heutigen Wissensstand tiber
das Hydrotreating von Lipidbiomasse zusammen und erortert, welche Herausforderungen

und Moglichkeiten sich dadurch ergeben.

Der Schwerpunkt dieser Dissertation liegt auf ungetragerten Katalysatoren. Dies ist

nicht nur dem gegenwiértigen industriellen Interesse an solchen Materialien geschuldet,
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sondern auch der Tatsache, dass sich die Eigenschaften der aktiven Phase erst in Ab-
wesenheit der Tragersubstanz offenbaren (weil dann keine storenden Wechselwirkungen
mit dem Tréager vorliegen). Leider sind einige sehr aussagekréftige Charakterisierungs-
techniken, wie beispielsweise die Infrarotspektroskopie, nicht fiir die Anwendung mit
ungetragerten Sulfiden geeignet. Deren Charakterisierung wird aullerdem noch dadurch
erschwert, dass diese Stoffe in hohem Malle zur Segregation der Promotormetalle neigen.
Grundlegende Fragen beziiglich ihrer katalytischen Merkmale sind daher unbeantwortet
geblieben. So hat es sich etwa als besonders schwierig erwiesen, robuste Struktur-
Aktivitdtsbeziechungen aufzustellen, obwohl dies die Grundvoraussetzung fiir die
Entwicklung von aktiveren und selektiveren Katalysatoren darstellt. Diese Wissensliicke
betrifft sowohl Katalysatoren fiir konventionelle Anwendungen, etwa fiir die Ent-
schwefelung von Erdolfraktionen, als auch solche, die fiir neuartige Prozesse gedacht
sind, wie etwa fiir das Hydrotreating von Lipidbiomasse. Bei den Katalysatoren fiir
Hydroentschwefelung (HDS) wird vor allem die Verbesserung der Hydrieraktivitét ein
Schliisselschritt sein, wenn es darum geht zunehmend schwerer umzusetzende Ausgangs-
stoffe bei moderaten Temperaturen zu verarbeiten. Im Gegensatz dazu besteht die grofite
Herausforderung bei den Katalysatoren fiir Lipid-Hydrotreating darin, die Bildung von
Kohlenoxiden zu verstehen und zu kontrollieren, da solche Nebenprodukte die Gesamt-
effizienz der Prozesskette erheblich verringern. Um diese Ziele zu erreichen, ist es unbe-
dingt notig die aktiven Strukturen und ihre Wechselwirkung mit den Reaktanden in

ausreichendem Malle zu verstehen.

Der erste Teil der eigentlichen Forschungsarbeit (Kapitel 4) befasst sich mit
ungetragerten Ni-Mo-Sulfiden als HDS-Katalysatoren. Hauptziel der Arbeit ist die Identi-
fizierung und Quantifizierung sowie die strukturelle und elektronische Aufklarung der
Eigenschaften der aktiven Zentren in der Ni-Mo-S-Phase (im Gegensatz zu den inaktiven
segregierten Ni-Sulfiden, NiSx). Zu diesem Zweck wurden zundchst vier ungetrigerte
MoS;-basierte Katalysatoren mit verdnderlichem Ni-Gehalt hergestellt, wofiir eine
hydrothermale Syntheseroute mit anschlieBender Sulfidierung in Fliissigphase zum
Einsatz kam. Nicht-promotiertes MoS, und NizS> dienten als Referenzsubstanzen. Ein
Teil eines jeden Materials wurde zusétzlich einer Sdurebehandlung unterzogen, wobei die

gepressten Sulfidpulver mehrere Male einer konzentrierten HCI-Losung ausgesetzt
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wurden. Wihrend dieses Vorgangs kam es zu Gasentwicklung (H>S) und zu einer Griin-
farbung der Losung, was auf eine Auflosung von NiSx hindeutet. Infolgedessen wiesen
alle Proben bis auf MoS> einen erheblichen Massenverlust in der Grof8enordnung von

25 % auf.

Alle Ni-Mo-Mischsulfide wiesen im Rontgen-Pulverdiffraktogramm schlecht defi-
nierte Reflexe von nanokristallinem MoS, auf, wihrend nur bei den unbehandelten
Sulfiden auch Reflexe von Ni-Sulfiden sichtbar waren. In Ubereinstimmung mit diesem
Ergebnis ergab die Elementaranalyse eine erhebliche Abnahme des Ni/(Ni+Mo)-
Verhéltnisses infolge der Siurebehandlung (von 0.48-0.60 auf 0.20-0.26). Mittels
Rasterelektronenmikroskopie konnte gezeigt werden, dass die als Ni-Sulfid identifi-
zierten Partikel entfernt worden waren, wahrend MoS; unverdndert zuriickblieb. Auf
Grundlage der gesammelten Erkenntnisse ist davon auszugehen, dass HCl in der Lage ist,
NiSx selektiv zu entfernen ohne mit MoS: zu reagieren. Die Stabilitdit von MoS; in
Gegenwart von HCI wurde experimentell bestdtigt und wird auBerdem von thermodyna-
mischen Betrachtungen gestiitzt (Pourbaix-Diagramm). Zusitzlich zu den angefiihrten
Veranderungen wurde auch eine erhebliche VergroBerung der spezifischen Oberfldche der
Ni-MoS»,-Katalysatoren beobachtet (Faktor 2, mit der Ausnahme eines Katalysators).
Dies wird auf das Freilegen von rauen (,,zerfurchten*) Oberflichen und Porendffnungen

zuriickgefiihrt, die zuvor von NiSx bedeckt waren.

Die Rontgen-Feinstrukturanalyse (EXAFS) an der Ni K-Kante ergab bei den séure-
behandelten Sulfiden Hinweise auf die Anwesenheit einer Ni-Mo-Komponente. Der
Abstand zwischen Ni und Mo wurde dabei zu 2.86 A bestimmt, was etwas kiirzer ist als
der Abstand zwischen zwei Mo-Atomen in MoS; (3.2 A). Diese rdumliche Nihe deutet
darauf hin, dass die Ni-Atome chemisch an MoS, gebunden (also darin ,,eingebaut*) sind,
was auf eine bimetallische Ni-Mo-S-Phase schlieBen ldsst. Im Unterschied dazu wurde
bei den unbehandelten Sulfiden keine Ni-Mo-Komponente beobachtet. Dies wird auf die
Pravalenz von NiSx zuriickgefiihrt und auf den Umstand, dass das Messergebnis eine
Mittelung iiber alle Ni-Spezies darstellt. Ahnliche Schlussfolgerungen konnten aufgrund
der Ergebnisse der Rontgen-Nahkantenspektroskopie (XANES) gezogen werden. Die
Sdurebehandlung fiihrte dariiber hinaus auch zu einem im Durchschnitt signifikant
kiirzeren Ni-Ni-Abstand (2.22 A gegeniiber 2.26 A), was mit den Bindungsabstinden der

bekannten Ni-Sulfide unvereinbar ist und daher der Ni-Mo-S-Phase zugeschrieben
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wurde. Der Vergleich der EXAFS-Ergebnisse mit simulierten Spektren von Modell-
Clustern ergab, dass die Ni-Atome an den MoS>-Kanten hdchstwahrscheinlich als
anndhernd quadratisch-pyramidale NiSs-Einheiten vorliegen (dhnlich zu den Grund-

einheiten von Millerit (NiS), einem natiirlich vorkommenden Ni-Sulfid).

Die Verteilung von Ni zwischen der aktiven Ni-Mo-S-Phase und inaktivem NiSx wurde
mittels einer Kombination von Titration und geometrischen Betrachtungen analysiert
(letztere auf Grundlage der Transmissionselektronenmikroskopie). Zum Zweck der
Quantifizierung der Ni-Zentren kam das Sondenmolekiil NO zum Einsatz, da es selektiv
an koordinativ ungeséttigten Metallkationen (CUS) an den Kanten von Ni-MoS; adsor-
biert. Diese betrachtet man gemeinhin als die primédren aktiven Zentren von HDS-
Katalysatoren. Bei den unbehandelten Sulfiden wurde im Verhéltnis zur maximal an den
MoS;-Kanten aufnehmbaren Ni-Menge ein vier- bis fiinffacher Uberschuss ermittelt.
Daraus lésst sich schlieBen, dass der grote Teil des Nickels in Form von segregiertem
NiSx vorlag (90-92 % des gesamten Ni), was gut mit den EXAFS-Ergebnissen iiberein-
stimmt. Dementsprechend wurde der als Ni-Mo-S vorliegende Ni-Anteil zu lediglich
8-10 % bestimmt. Obwohl der Ni-Uberschuss nach Siurebehandlung viel geringer war
(weniger als zweifach), ist anzunehmen, dass die behandelten Sulfide dennoch erhebliche
Mengen an NiSx enthielten (60—-76 % Ni als NiSx gegeniiber 24—40 % als Ni-Mo-S). Es
liegt nahe, dass diese sdureresistenten Ni-Sulfide als nicht zugingliche (,,innere*

Dominen vorliegen.

Wie durch die hohere spezifische Oberfliche und den hdheren Anteil an ,,aktivem*
Ni-Mo-S zu erwarten war, wurde Dibenzothiophen (DBT) an den sdurebehandelten
Sulfiden mit viel hoherer massenspezifischer Aktivitdt umgesetzt (Faktor 1.6—2.3 bei
330 °C und 50 bar Wasserstoffdruck; gemessen in einem Rieselbettreaktor im Labormal-
stab). Es ist wichtig zu erwihnen, dass die Erh6hung der Rate den Effekt des blofen
Verlusts an inerter Masse libertraf. Das heif3t also, dass die Konzentration an aktiven
Zentren durch die Sdurebehandlung erh6ht wurde (durch das Freilegen von Zentren). Die
Produktverteilung war {iber alle Katalysatoren hinweg nahezu identisch und wurde durch
die Sdurebehandlung nicht beeinflusst, was darauf hindeutet, dass die Zusammensetzung
der zuvor bedeckten und im Anschluss freigelegten Oberflachen dhnlich gewesen sein

muss.

216



Chapter 7: Abschlielende Zusammenfassung

Die Kombination der HDS-Aktivititsdaten mit den Titrationsergebnissen ergab eine
lineare Korrelation zwischen der CUS-Konzentration und der Rate der direkten Ent-
schwefelung (DDS), was auf das Vorliegen von Zentren mit flir sich identischer Aktivitét
hindeutet (katalytische Wechselzahl: 70 h™! fiir DDS und 140 h! fiir HYD). Im Unter-
schied dazu wurde bei den unbehandelten Sulfiden keine solche Korrelation beobachtet,
was auf die zusétzliche inerte Masse und das Blockieren von aktiven Oberfldchenzentren
durch NiSyx zuriickgefiihrt wird. Bei den sdurebehandelten Sulfiden wurde au3erdem auch
eine Korrelation zwischen der Konzentration der CUS und der SH-Gruppen ermittelt.
Wihrend den CUS als ,,priméren‘ aktiven Zentren vorwiegend die Aufgabe der Adsorp-
tion und Koordination der Reaktanden zukommt, spielen SH-Gruppen bei der Bereit-
stellung von dissoziiertem Wasserstoff fiir Hydrierung und Hydrogenolyse eine zentrale
Rolle. Dementsprechend unterstreicht diese zweite Korrelation die allgemeine Bedeutung
von SH-Gruppen flir die HDS-Katalyse und bestétigt frithere Arbeiten, deren Ergebnisse

eine feste CUS-SH-Stochiometrie vermuten lie3en.

Die gleichen kinetischen Messungen und Titrationen wurden auch an einem typischen
Alumina-getrdagerten Ni-MoS» durchgefiihrt, wobei sich pro Ni-Atom eine vergleichbare
DDS-Aktivitit ergab. Im Gegensatz dazu war die Hydrieraktivitit bei den ungetragerten
Sulfiden ungleich hoher (Faktor 15). Es lédsst sich vermuten, dass dies mit einer geringeren
mittleren Sanderson-Elektronegativitit zusammenhéngt, die sich aus der Abwesenheit
von Mo-O-Al-Bindungen ergibt. Andererseits ist auch anzunehmen, dass an den gestaf-
felten Kanten von ungetridgertem Ni-MoS; eine planare z-Adsorption mdglich ist. Diese
zusitzliche Adsorptionskonfiguration kdnnte ebenso zu der gesteigerten Hydrieraktivitit

beitragen.

Aus akademischer Sicht stellt die Sdurebehandlung eine niitzliche Prozedur im Vorfeld
analytischer Messungen dar. Sie reduziert den Beitrag von segregierten Sulfiden zu Mess-
ergebnissen deutlich (z.B. zu EXAFS-Spektren), auch wenn sie das Problem offenbar
nicht vollstiandig 16st. Der Hauptgrund dafiir liegt in ithrem Unvermoégen, die betricht-
lichen Mengen an NiSx aufzuldsen, die sich im Inneren der MoS:-Struktur befinden.
Zukiinftige Arbeiten sollten daher auf die Synthese von ungetragerten Katalysatoren
abzielen, die frei von eben solchen ,,eingebetteten* NiSx-Dominen sind. Dies ldsst sich

beispielsweise dadurch erreichen, dass man gut definierte MoS>-Kristalle mit einer
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Ni(II)-Salzlosung versetzt, anschlieBend sulfidiert und letztendlich einer Sdurebehand-
lung unterzieht. Im Unterschied zum gegenwértigen Syntheseprotokoll wiirde diese
modifizierte Prozedur sicherstellen, dass Ni-Atome ausschlieBlich an den zugénglichen
MoS,-Kanten vorhanden wiren. Die Abwesenheit von NiSx bei gleichzeitig gut definier-
ten Strukturparametern der MoS>-Phase wiirde die Aussagekraft von Analyseergebnissen
wohl deutlich verbessern. Auch liee sich diese Herangehensweise sicherlich auf andere
Metallkombinationen {ibertragen, z.B. auf Ni-WS,, flir das man aufgrund der dhnlichen
Chemie von Mo und W entsprechend dhnliche Ergebnisse erwarten wiirde. Andererseits
konnten sogar getragerte Sulfide fiir eine derartige Anwendung geeignet sein, wobei
mogliche Einfliisse der Saure auf den Tréiger sorgfiltig ausgeschlossen werden miissten.
Aus der Sicht industrieller Anwendung ergibt sich durch die Siurebehandlung eine
skalierbare Moglichkeit zur Optimierung von ungetridgerten Katalysatoren. Dies gilt
besonders fiir jene, die bei den anspruchsvolleren Hydrotreating-Prozessen zum Einsatz
kommen, beispielsweise bei der HDS von Destillationsriickstainden. Die Hydrieraktivitit
ist dabei oft der sprichwortliche Flaschenhals, da diese schweren Ausgangsstoffe grofie
Mengen von mehrkernigen Aromaten enthalten, die erst nach einer (Teil-)hydrierung
defunktionalisiert werden konnen (d.h. die Hy-Addition muss vor dem C-S-Bindungs-

bruch erfolgen).

Der zweite Teil der eigentlichen Forschungsarbeit (Kapitel 5) ist der Deoxygenierung
von nachwachsenden Lipiden an Hydrotreating-Katalysatoren gewidmet. Aus den zuvor
genannten Griinden wurden auch hier ungetrigerte Sulfide als Grundlage fiir die Studie
gewihlt. Angesichts der komplexen Zusammensetzung von natiirlich vorkommenden
Lipiden wurden die Testreaktionen stattdessen mit Fettsduren und deren Derivaten als
Modellkomponenten durchgefiihrt, um die Produktanalyse zu vereinfachen. Hierfiir kam
ein absatzweise betriebener Riihrkesselreaktor im Labormalistab zum Einsatz, wobei die
Modellreaktanden in Dodekan verdiinnt und bei 300 °C und 5.0 MPa Wasserstoffdruck

umgesetzt wurden.

Das Hauptziel der Arbeit bestand darin, das Reaktionsnetzwerk der Fettsduredeoxy-
genierung an ungetrigertem Ni-MoS; aufzukliren und den dabei ablaufenden Reaktions-
mechanismus auf Molekiilebene zu verstehen. Um dieses Ziel zu erreichen, wurde eine
Reihe von Katalysatoren synthetisiert, die den primédren Reaktanden (Hexadekansiure,

Ci6) mit maximal unterschiedlicher Selektivitit umsetzen sollten. Von diesen drei
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Materialien wies das nicht-promotierte MoS; die hochste Selektivitét flir den Reaktions-
weg der Hydrodeoxygenierung auf (94 mol% HDO). Dabei wird der Reaktand unter
Wasserabspaltung schrittweise zum entsprechenden Alkan (Hexadekan) reduziert, wobei
die Kohlenstoffanzahl der Fettsdure beibehalten wird. Im Gegensatz dazu lief die
Reaktion an Ni3S; iiberwiegend unter Kohlenstoffverlust ab, d. h. es erfolgte eine C-C-
Bindungsspaltung am Kohlenstoffatom der Carboxylgruppe (94 mol% Selektivitit fiir die
Kohlenstoffverlust-Route, CLR). Das gemischte Ni-Mo Sulfid wies mit einer Selektivitat
von 45 % HDO und 55 % CLR eine ausgeglichene Produktverteilung auf.

Diese dramatischen Selektivitdtsunterschiede erwiesen sich als entscheidender Faktor
fiir die Trennung der Reaktionswege und die Aufklarung des Reaktionsnetzwerks. Es
wurde ermittelt, dass die HDO aus einer Reihe von Folgereaktionen besteht, an deren
Anfang die C-O-Hydrogenolyse der Fettsdure steht. Auf die Bildung des primiren
Produkts, Hexadekanal, folgt die Hydrierung zum entsprechenden Alkohol, dann die
Dehydratisierung zu 1-Hexadecen und schlussendlich die Hydrierung zu Hexadekan.
Eine alternative Reaktionsroute, bei der der Alkohol statt durch Dehydratisierung, durch
C-O-Hydrogenolyse umgesetzt wird, konnte experimentell ausgeschlossen werden. Dies
erfolgte durch die Analyse der Zusammensetzung der Olefinfraktion und des Olefin-zu-
Alkan-Verhaltnisses im Verlauf der Reaktion. In ganz dhnlicher Weise konnte anhand der
Abwesenheit von Thiolen und der Analyse der gebrauchten Katalysatoren gezeigt
werden, dass keine nukleophile Substitution durch SH-Gruppen stattfindet. Wie aufgrund
der gleichzeitigen Anwesenheit von Fettsdure und Alkohol zu erwarten war, wurde die

Bildung eines Cs2-Esters als geringfiigige Nebenreaktion beobachtet.

Bei der Untersuchung der CLR zeigte sich, dass zusammen mit den fliissigen Ch.1-
Produkten (Pentadekan und Pentadecene) eine dquimolare Menge CO gebildet wurde. Da
sich mit dem Nachweis von CO allein keine Aussage zum genauen Reaktionsmecha-
nismus treffen ldsst, wurden Experimente zur weiteren Differenzierung durchgefiihrt.

Insbesondere die folgenden Moglichkeiten zur CO-Bildung wurden dabei betrachtet:

(1) Primdre Bildung von CO; und anschlieBende ,,Maskierung™ durch umgekehrte
Wassergas-Shift-Reaktion: Das Vorliegen einer solchen Situation wurde dadurch aus-
geschlossen, dass kein CO; nachweisbar war, obwohl die berechnete Gleichgewichts-

konzentration von CO; innerhalb der Nachweisgrenze gewesen wire.
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(i) Decarbonylierung von Hexadekanal aus der HDO-Route: Der Ausschluss dieser
Reaktion erfolgte auf Grundlage von Versuchen mit Hexadekanal als primdrem Reaktan-
den. Dabei wurde Hexadekanal an Ni-MoS; fast ausschlielich entsprechend der HDO-
Route umgesetzt (mit einer Selektivitit von 93 mol%). Der Versuch wurde zudem in
Anwesenheit eines Uberschusses an Fettsiure wiederholt, um kompetitive Effekte auszu-

schlieBen.

(i11) Direkte C-C-Hydrogenolyse von Hexadekansdure zu Ameisensdure und Pentadekan
(mit anschlieBender Zersetzung der Ameisensdure zu CO/H20): Diese Alternative wird
als unwahrscheinlich erachtet, da weder Formiate, noch gasféormige Ameisenséure nach-
gewiesen wurden. Gegen eine C-C-Hydrogenolyse der Fettsdure spricht auch die hohe
Selektivitét fiir Pentadecene wihrend der Anfangsphase der Reaktion, da C-C-Hydro-

genolyse direkt zur Bildung von Pentadekan fiihren wiirde.

(iv) Decarbonylierung von oberflichengebundenen Acylium-Ionen zu endstdndigen Cy.-i-
Olefinen: Dieser zuvor in der Literatur beschriebene Mechanismus konnte nicht eindeutig
ausgeschlossen werden. Es wurde aber gezeigt, dass ein alternativer Reaktionsweg exis-
tieren muss, dessen Primérprodukt ein Ciy.i-Alkan ist. Zu diesem Zweck wurde ein
Versuch mit einer Fettsdure durchgefiihrt, die iiber ein tertidres f-Kohlenstoffatom verfiigt
(2-Adamantanylessigsdaure). Obwohl diese Verbindung keine Olefinbildung zuldsst,

wurde sie genauso wie die lineare Fettsdure unter Kohlenstoffverlust umgesetzt.

Die Gesamtheit der Ergebnisse ldsst darauf schlieBen, dass hochstwahrscheinlich ein
Keten das primire Intermediat der CLR ist. Das Keten bildet sich durch Dehydratisierung
(C-O-Bindungsspaltung) der Fettsdure an den koordinativ ungeséttigten Zentren von
Ni-MoS: (CUS), die dabei von benachbarten SH-Gruppen unterstiitzt werden. Die nach-
folgende Regenerierung des aktiven Zentrums (Entfernung von gebundenem O) kann fiir
die Gesamtreaktion geschwindigkeitsbestimmend sein, wenn der H»-Partialdruck
geringer als etwa 2.5 MPa ist. Bei hoherem Druck (> 2.5 MPa) ist der geschwindigkeits-
bestimmende Schritt hingegen die Decarbonylierung des Ketens, welches dabei als
17*(C-C)-Adsorptionskomplex vorliegt. Auf diese Verschiebung des geschwindigkeits-
bestimmenden Schritts deuten die in Abhéngigkeit vom H>-Druck beobachteten Verin-
derungen der Reaktionsordnung hin. Die nachfolgende Eliminierung von CO aus dem

Adsorptionskomplex fiihrt zur Bildung einer Ni-gebundenen Carben-dhnlichen Spezies.
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Abhingig davon, ob f-H-Atome verfiigbar sind, bildet sich daraus im Anschluss entweder
ein Cp.1-Alkan oder ein endstidndiges Cy.1-Olefin (durch Hydrierung bzw. durch
Umlagerung und gleichzeitiger Ni-C-Bindungsspaltung). Dieser mechanistische Ansatz
fiir den katalytischen CLR-Zyklus stimmt gut mit der wohlbekannten Reaktivitdt von
Ketenen iiberein, insbesondere mit ihrer ausgepragten Neigung zur Decarbonylierung.
Die im Vergleich zu MoS; grundsétzlich verschiedene Reaktivitit von Ni-MoS: wird auf
die Anwesenheit von Ni und die damit verbundenen labileren, elektronenreicheren
Schwefelzentren zuriickgefiihrt. Es ist zu beachten, dass Ni-Sulfide (hier in Form von
Ni3S») ebenfalls eine ausgeprégte Selektivitit fiir CLR aufweisen, wenngleich ihr Beitrag
im Vergleich zu den Ni-promotierten Zentren der Ni-Mo-S-Phase vernachldssigbar ist.
Auch die signifikanten Unterschiede in der scheinbaren Aktivierungsenergie deuten

darauf hin, dass NiSx kaum an der CLR-Aktivitit von Ni-MoS: beteiligt ist.

Die hier vorgestellten Ergebnisse iiber Fettsduredeoxygenierung zeigen, dass die Fahig-
keit zur Spaltung von C-C-Bindungen eine inhirente Eigenschaft der aktiven Zentren von
sulfidischen Hydrotreating-Katalysatoren ist. Das heif}t, die katalytischen Merkmale, die
eine hohe HDS- und HDN-AKktivitdt bei erddlbasierten Ausgangsstoffen ermdglichen,
sind gleichzeitig auch jene, die zur unerwiinschten CO-Bildung beim Hydrotreating von
erneuerbaren Lipiden fiihren. Besonders im Hinblick auf die angestrebte Lipid-
beimischung zu Erdolfraktionen (Co-Processing) erweist sich dieser Umstand als sehr
ungiinstig, da rein katalysatorbasierte Strategien zur CO-Vermeidung zu nachteiligen
Effekten bei der Umsetzung des primédren Ausgangsstoffs fiihren konnten. Moglicher-
weise konnte ein planvolles, rationales Vorgehen bei der Katalysatorentwicklung diesen
Widerspruch zumindest teilweise auflosen. Es ist dennoch ndtig, weitere Prozess-
parameter wie die Temperatur, den Druck und die Zusammensetzung des Ausgangs-
gemisches zu beriicksichtigen, um das Co-Processing von erneuerbaren Lipiden im
groBBen Mallstab zu realisieren. Da diese Zielkonflikte fiir jeden Einzelfall gesondert
betrachtet werden miissen, ist zu erwarten, dass das Hydrotreating von Lipiden auch

weiterhin eine grofle Herausforderung bleibt.
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