Chapter 1

I ntroduction

1.1. Fuel Production by Hydroprocessing

The processing of fossil feedstocks is becoming an increasingly important technology
as high quality reserves dry up, and lower quality resources must be utilized. This effect
is compounded by increasingly stringent regulations demanding lower sulfur levelsin
fuels used throughout the world. Recently enacted legislation demands that sulfur levels
in diesel fuel be reduced from 500 ppm to 50 ppm by the year 2004 (1). Such high
degrees of sulfur removal are known as deep hydrodesulfurization (hds). Among other
things, such deep hds requires coincidental high levels of denitrogenation (hdn) because
of the poisoning effect of nitrogen compounds on hds reactions. Nitrogen compoundsin
fuel liquids are also undesirable because they are corrosive, odorous, toxic, tend to
polymerize and gel, and are poisons for acidic hydrocracking catalysts.

Hydroprocessing technology is not reserved to upgrading of petroleum cuts, but is
applied to many hydrocarbon resources. These liquids include coal derived liquids (e.g.
SRC — solvent refined coal) (2), liquids obtained from coliquefaction of waste tires with
coa (3), shale-oil (bitumen) derived liquids (e.g. coker gasoil) (4, 5), agricultural oils
(e.g. rapeseed, canola) (6), and waste animal fat (6). Furthermore, toxic organic waste
may be dechlorinated, desulfurized, and denitrogenated using hydroprocessing

technology (7). Petroleum based fuels have a high relative abundance of sulfur (8), while



coa and biologically derived liquids contain mostly oxygen impurities (9), and shale oils
aretypically rich in nitrogen (8). However, the essential treating processes and catalysts
aresimilar in each case.

The complicated nature of the conversion processes can be exemplified by
considering an example of a structural model for a heavy hydrocarbon resource, as shown

in Figure 1.1 (10).

Figure 1.1: Adapted structural model of an oil shale molecule.

Large molecules such as these are variously known as shale ail, kerogen, or bitumen,
and can vary greatly in structure depending on the source (11). In these structures, many
nitrogen, sulfur and oxygen atoms are tied up in heterocyclic rings, while hydrocarbons

are present as chains of aliphatics connecting aromatic structures. Hydroprocessing,



pyrolysis, and hydrocracking technologies are used to convert these heavy, impurity
laden, fossil resources into fuel liquids consisting of mixtures of smaller molecules with
favorable combustion properties and low impurity contents, as shown in Figure 1.2 (5).
The aromatic heterocycles shown in Figure 1.2 are chemically stable and therefore persist

in the processed liquids as target molecules for removal during subsequent upgrading

steps.

Figure 1.2: Structural models of naphtha and gas ail
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An example of the simplified flowsheet of an industrial refining operation, which
creates synthetic crude oil from oil-sand derived bitumen, isshown in Figure 1.3. Here

the bitumen is extracted from its source in a solvent. The solvent is recovered, and the



bitumen exposed to a coker or hydrocracker. The products of these processes are either
recycled or hydroprocessed. The recovered liquids from hydroprocessing are then
recombined to form the synthetic crude oil product. The overall process also requires a
hydrogen plant, to generate hydrogen from natural gas for the hydroprocessing
operations, and a sulfur recovery plant, to recover the hydrogen sulfide produced in the

refining operations.

Figure 1.3: Production of synthetic crude oil from bitumen

Many factors contribute to the choice of hydrotreating catalyst used in agiven
process. CoM0oS/Al,O3 catalysts are typically used for hydrodesulfurization reactions,

NiMoS/Al,Os is used in hydrodenitrogenation (due to its higher hydrogenation activity),



and NiIWSAI,O;3 isfavored for situations where aromatics saturation is desired in the
presence of substantial amounts of heteroatoms (12). Petroleum resids and other heavier
resources frequently contain metals such as Ni and V, which can deposit on catalysts as
sulfides. These Ni and V sulfides tend to deactivate the catalyst by clogging the catalyst
pores. Thus the catalytic reactors which perform hydrodemetallation tend to have
moving bed technologies with continual catalyst replacement and recovery, and the
demetallation catalysts themselves have large pores (and low loadings of active
component) to accommodate the sulfide deposition (13).

Hydrodenitrogenation has received relatively less attention in the literature than
hydrodesulfurization, but has been investigated intensively since the oil crisis of 1974.
Several reviews are available regarding the hydrodenitrogenation process (4, 8, 14, 15,

16, 17, 18), summarizing the past and present state-of-affairs.

1.2. Introduction to Transition Metal Phosphides

The catalysts investigated in this study comprise an undeveloped class of transition
metal catalysts, the transition metal phosphides. Attention is focussed on the
monophosphides of molybdenum and tungsten, because they are the most important
elementsin standard sulfide catalysts and they readily form monophosphides which are
stable in the hydroprocessing conditions. The preparation and properties of transition
metal phosphides have been reviewed in several publications (19, 20, 21, 22).

Many techniques have been applied to the preparation of transition metal phosphides,

including combination of the elements (23, 24, 25, 26, 27), disproportionation of



phosphides (28, 29), metathesis (30, 31, 32, 33), fused salt electrolysis (26, 34), hydrogen
reduction of phosphates (35, 36, 37, 38, 39, 40), chemical vapor deposition of
organometallic precursors (41), and reactions with phosphine (27). Figure 1.4

summarizes the generalized reactions involved with these processes.

Figure 1.4: Preparation methods of transition metal phosphides

Reduction of the phosphate MPO, + H, ¥ MP +xH,0
Fused salt electrolysis MO, + NaPO, % MP +Na,0
Combination of the elements MO + xPo(red) % MP,
Solid-state metathesis MCI, + Na;gP %+ MP + NaCl
Disproportionation of phosphides MP, + M * 2MP

Reaction with phosphine MCI, + PH, # MP + HCI+ H,

Organometallic decomposition

TiCl,(PH,CgHy,), # TiP + PH, + HCl + C,H,,

Trendsin the crystal structures and properties of the first row transition metal
monophosphides are shown in Table 1.1. The crystal structures range, from left to right
on the periodic table, from the ssmple rocksalt type structure with ionic characteristics, to

orthorhombic structures with metallic character. The XPS binding energy shifts also



Table1l.1. Structura trendsin the first row transition metal monophosphides

ScP TiP VP CrP, MnP, FeP, CoP NiP
Group A IVA VA VIA, VIIA, VI, VIII VIl
Structure Type NaCl TiP NiAs NiP
Crystal System cubic hexagonal hexagonal orthorhombic orthorhombic
Nature ionic semiconductor metallic increasing metallic character V
P - coordination octahedral Wmix V triangular prismatic pairs
M - coordination octahedral octahedral octahedral pairs
P - binding energy shift 2.2 15 0.8 -
M - binding energy shift 1.1 0.5 0.0 -
shortest P— M distance 2.66 248 241 -
shortest M — M distance 3.76 291 3.16 -
shortest P — P distance 3.76 3.50 3.39 -



Figure 1.5: Structural types of transition metal monophosphides
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decrease with position on the periodic table, and are near elemental values in the mgjority
of cases, consistent with the electrical properties noted above.

Overall, the crystal chemistry of the metallic phosphides considered in this study is
dominated by structures of triangular prismatic units of phosphorus surrounding each
metal atom. A diagram of the common structure types based on triangular prismatic units
isprovided in Figure 1.5.

Many monophosphides, including WP, CrP, MnP, FeP, and CoP, adopt the
orthorhombic MnP type structure. The MnP structure is obtained by lattice distortions
which break the symmetry within the (001) plane from hexagonal to rhombic. The lattice
distortion effectively doubles the alattice parameter, while retaining the b and ¢
dimensions (42). The transition between the NiAs and MnP structure types is thought to

lead to heightened metallic character (42, 43). Compounds are known which have the



NiAs structure at room temperature, while transforming into the MnP type structure at
elevated temperature (the sulfide VSis an example). The extent of distortion increases
smoothly with temperature (43).

The crystal chemistry of phosphides is intermediate between that of interstitial
compounds, i.e. the nitrides and carbides, and layered hexagonal sulfides. In generd, in
the related Mo and W carbides and nitrides, the carbon and nitrogen atomsin residein
interstitial sitesfound in metal the lattices, thus they have close packed metal structures.
Because the larger P atoms do not fit within the interstitial sites, their incorporation into
the metal framework expands the metal lattices, and results in different crystal forms.

Table 1.2 reports the bulk density, the specific volume per metal atom, and the
average metal-metal shortest distance, for the most relevant Mo and W compounds. The
densities were found in the literature (44), the specific volume per metal atom was
calculated as the molecular weight divided by the density, and the average shortest metal
- metal bond distance is taken to be the average diameter of a metal atom, calculated as
the cube root of the specific volume.

Molybdenum and tungsten disul phides, MoS, and WS, form layered structures
having avan der Waals gap between hexagonal layers. Asaresult of the saturated
bonding along the basal plane, the catalytic sites of layered disulfides are thought to be
located along the crystallite edges, and not along the basal plane.

Table 1.3 summarizes the lattice parameters for a number of compounds relevant to
this study (43, 45). The parameter s, also tabulated in Table 1.3, is the number of
hexagonal layers stacked in the c direction per unit cell. These values were collected

from structural diagrams found in the literature (19, 46). Theinterlayer distanceis



Table 1.2: Densities and volumetric characteristics of molybdenum and tungsten
compounds relevant to this study.

Mo compounds units Mo Mo,N  Mo,C MoP MoS,
mol. wt. (per m) g mol™ 96 103 102 127 160
density gcm® 10.2 9.4 8.9 6.2 4.8
specific metal volume nm®atom™ 0.016 0.018  0.019 0.034 0.055
average m-m distance nm 0.25 0.26 0.27 032 038
W compounds units w W,N WC WP WS,
mol. wt. (per m) g mol™ 184 191 196 215 248
density gcm? 194 178 15.6 8.5 75
specific metal volume nm*atom™ 0.016 0.018  0.021 0.042 0.055
average m-m distance nm 0.25 0.26 0.28 035 038

defined here as the lattice parameter ¢ divided by s. The interlayer distanceisa
guantitative estimate of the m-m bond distance in the c direction. A parameter r, the
interlayer distance ratio, can be defined as the interlayer distance divided by the lattice
parameter a. The interlayer distanceratio r is ameasure of the relative m-m distancesin
the c direction to the m-m distance in the a, b plane. The valuesin Table 1.3 demonstrate
the basic principle that the interlayer distance ratios are much greater than unity for the
layered materials. In contrast, for the materials such as the hexagonal carbides, nitrides,
and phosphides with NiAs and WC structures noted in Figure 1.4, the r values are close
to, or lessthan, unity. Similarly, aswas noted previously, the | attice distortion creating
MnP from the NiAs structure effectively doubles the lattice parameter a. Therefore, the

in-plane parameter is taken to be the average of b and &2 for materials with this structure
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Table 1.3: Structural parameters of materials adopting the WC, NiAs, MnP,
and layered hexagonal structure types.

WC structure type a b c S r=(c/s)/a
wC 291 - 2.84 1 0.98
MoP 3.22 - 3.19 1 0.99
d-TaN 294 - 2.87 1 0.98
HfS 3.38 - 344 1 1.02
NiAs structure type a b c S r=(c/s)/a
NiAs 3.61 - 5.02 2 0.70
VP 3.18 - 6.22 2 0.98
TiS 3.32 - 6.38 2 0.96
VS 3.32 - 5.84 2 0.88
CoS 3.37 - 5.18 2 0.77
MnP structure type a b c S r = (c/9)/((al2+b)/2)
MnP 5.26 3.17 5.92 2 1.02
WP 573 3.25 6.22 2 1.02
CrP 5.36 311 6.02 2 1.04
FeP 5.19 3.10 5.79 2 1.02
RuP 5.52 3.17 6.12 2 1.03
VS 5.87 3.30 5.82 2 0.93
NbS 6.39 3.33 5.87 2 0.90
Well known layered a b C S r=(cls)la
hexagona materials

MoS, 3.16 - 12.3 2 1.95
WS, 311 - 124 2 1.99

C —graphite 2.46 - 6.70 2 1.36
BN — hexagonal 2.50 - 6.66 2 1.33
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type. Theinterlayer distance ratiosr calculated for the MnP type structures are also
found to be close to unity.

It should be concluded that atoms located along the a, b plane in MoP and WP are not
coordinatively saturated, as found in the layered MoS, and WS, structures, making these
atoms available for catalytic function. This represents a fundamental differencein the
nature of phosphides, carbides, and nitrides compared to the well studied disulfide

materials.

1.3. Organization of Thesis

This dissertation reports the development and application of a new class of
hydroprocessing catalysts, the transition metal phosphides. Specifically, MoP and WP
catalysts were identified and investigated for their catalytic properties. These compounds
were prepared in bulk form, and supported on moderate surface area (~90 m? g*) alumina
and silica supports. The mechanism of hydrodenitrogenation reactions on the silica
supported phosphides was investigated by comparing the reactivities of a group of amines

including n-pentylamine, tert-pentylamine, neo-pentylamine, piperidine, and pyridine.

The remainder of this dissertation is organized as follows:

Chapter 2 reports the synthesis of bulk WP and its application to the hydroprocessing

(hydrodenitrogenation and hydrodesulfurization) of amodel oil. The tungsten phosphide

was found to be an effective hydroprocessing catalyst, superior to any other tungsten
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compound tested under the same conditions, and was comparable in activity to a

commercia hydroprocessing catalyst.

Chapter 3 presents the synthesis and activity of molybdenum phosphide supported on
g-alumina. These materials were also effective hydroprocessing catalysts. EXAFS
characterization of a7 wt% MoP/g-Al,O; catalyst revealed that highly dispersed
phosphides exist on the surface of these materials. Thiswas corroborated by analysis of

the chemisorption characteristics of the materials.

Chapter 4 reviews the reactions observed during hydroprocessing of smple N, S, and

O containing molecules.

Chapter 5 presents the synthesis and activity of silica supported phosphides. This
chapter also contains the results of a HDN mechanism study, in which comparison of the
reactivities of n-pentylamine, tert-pentylamine, and neo-pentylamine result confirmed the
dominance of abimolecular elimination mechanism in hydrodenitrogenation over the

phosphides.

Chapter 6 presents the results of the pyridine and piperidine hydrodenitrogenation
experiments, and the application of kinetic analysisto the results of each. Piperidine was
found to decompose by a second order process, while pyridine was found to react

according to zeroth order disappearance of the hydrogenated intermediate piperidine.
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