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ABSTRACT

This thesis investigates hydrodesulfurization of fluid catalytic cracking decant oils and its
impact on carbonaceous mesophase development during carbonization. Delayed Coking of
decant oils leads to the development of carbonaceous mesophase, a liquid crystalline phase, that
is responsible for the structural anisotropy of needle coke. Because of its anisotropic
microstructure, needle coke is used as the filler along with a coal tar pitch binder for
manufacturing graphite electrodes for electric-arc furnaces. When sulfur content of the filler
needle coke is high (>0.8 wt. %) an irreversible volume expansion (puffing) takes place when
extruded electrodes are subjected to graphitization heat treatment. Puffing in needle coke results
primarily from the evolution of sulfur in the form of CS2 and H2S. Puffing causes the formation
of mico-cracks reducing the quality of electrodes. Most practical and efficient process to control
the sulfur levels in needle cokes is catalytic hydrodesulfurization of the feedstock decant oil prior
to coking. The overall objectives of this thesis study were to investigate the effects of catalyst
properties on hydrodesulfurization activity, hydrogenation activity, and to investigate the effect
of hydrogenation on the subsequent mesophase development from the hydrotreated decant oil.
Two decant oils with relatively low and high sulfur concentrations were used as
feedstocks. Decant oils were fractionated by vacuum distillation into three cuts representing the
light fraction, middle fraction, and vacuum bottoms. The hydrodesulfurization of the middle
fraction and parent oils were performed in a bench-scale fixed bed flow reactor. Reaction
variables of interest include temperature, hydrogen pressure, and catalyst properties. Overall,
increasing reaction temperature suppressed the hydrogenation of the constituent polyaromatic
hydrocarbons, but promoted sulfur reduction. Increase in hydrogen pressure, on the other hand,
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did not appear to have much impact on desulfurization, but significantly increased the extent of
hydrogenation.
Four catalysts (with varying average pore sizes, promoter atoms, and supports) were
prepared with sequential incipient wetness impregnation to evaluate their activities for
hydrodesulfurization and hydrogenation of decant oils. The desirable outcome of decant oil
hydrodesulfurization is to achieve the required sulfur removal particularly from large
polyaromatic ring systems with minimum hydrogen consumption. Removing sulfur from larger
ring systems in decant oils is the most effective way of reducing the needle coke sulfur content
because large aromatics end up in the coke product obtained from Delayed Coking.
Hydrodesulfurization experiments showed that the catalysts with large pores in the support (14
nm average diameter) had a higher activity for removing sulfur from large polycyclic aromatic
rings compared to the catalyst with smaller pores (7 nm average diameter) in the support.
Catalysts with larger pores also showed a lower overall activity for hydrogenation, thus,
achieving both objectives of the hydrodesulfurization process. A reduction in hydrogenation
activity is desired because it lowers hydrogen consumption during hydrodesulfurization and
preserves the hydrogen aromaticity of decant oil which is important for mesophase development.
Molybdenum (Mo) based hydrodesulfurization catalyst are typically promoted by either
Co or Ni. Using Co as promoter in the prepared catalysts showed higher overall
hydrodesulfurization activity than those with Ni promoter. Using a TiO2 support for a CoMo
catalyst instead of Al2O3 with essentially the same pore size distribution increased the
hydrodesulfurization activity, while decreasing the hydrogenation activity. Therefore, using TiO2
as a catalyst support could also prove to be useful for the objectives of decant oil
hydrodesulfurization.
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To observe the effects of hydrotreatment on mesophase development, untreated and
treated parent oils, distillate fractions, and treated middle fractions blended with vacuum bottoms
were carbonized. The extent of mesophase development in the resulting semi-cokes was gleaned
from an optical texture analysis using polarized-light microscopy. A qualitative measure of semicoke texture by Optical Texture Index showed that hydrotreatment of the feedstocks to reduce
sulfur content did not have a significant effect on mesophase development upon subsequent
carbonization.
It is concluded, therefore, that hydrodesulfurization of decant oil can effectively reduce
the sulfur content in decant oils, and therefore, it could achieve the desirable sulfur level in the
needle cokes to be produced from the hydrotreated decant oils. This can be done without
compromising the anisotropy of the resulting needle coke microstructure. Using catalysts with
larger pore sizes can remove sulfur selectively from large aromatic ring systems for most
effective use of hydrogen in decant oil hydrodesulfurization.
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Chapter 1
INTRODUCTION AND RESEARCH OBJECTIVES

1.1 Introduction
Upgrading petroleum takes place via one of two mechanisms; thermal carbon rejection or
catalytic hydrogen addition. After the First World War the demand for higher octane gasoline
pushed refiners to catalytic processes. Out of this development the first fluid catalytic cracking
(FCC) unit was commissioned in 1942 in Baton Rouge, LA (Avidan and Reuel, 1990). The FCC
is now the heart of American refining and produces 40 plus percent of the gasoline pool. Low
value high molecular weight streams such as light gas oil, heavy gas oil, light vacuum gas oil,
and deasphalted oil are common feedstocks for the FCC. Since the FCC is not a hydrogen
addition unit carbon is rejected in the form of coke on the catalyst particles and burned off to
provide heat needed for the reaction. The product is sent to a fractionator where 3-7 % ends up in
the bottom as heavy aromatic slurry oil that contains catalyst fines (Guercio, 2010). These fines
settle out and slurry oil is, therefore, more correctly termed decant oil (DO).
When decant oil under goes carbonization in a delayed coker it produces a premiumgrade coke known as needle coke. Needle coke is highly graphitizable and is the primary filler
used in the production of graphite electrode for electric-arc furnaces to recycle scrap iron and
steel. When sulfur content of the needle coke is sufficiently high an irreversible volume
expansion (puffing) has been observed when cokes are subject to graphitization heat treatment.
The volume expansion increases the porosity which reduces the strength and conductivity of the
graphite electrodes. Puffing in needle coke results from the explosive evolution of sulfur in the
form of CS2 and H2S (Noda, Kamiya and Inagaki, 1968; Fujimoto et al., 1989) in a narrow
temperature window during graphitization heat treatment. When the rate of formation of
1

evolving sulfur species exceeds the degasing rate a pressure build up occurs in the pores causing
mico-cracks within the structure. Thus the extent of puffing is dependent on both the total sulfur
concentration of the starting needle coke and its porosity. Puffing has typically been observed in
needle cokes containing greater than 0.8 wt. % sulfur (Grindstaff and Whittaker, 1974).
However, needle cokes with sulfur as low as 0.65 wt % have puffed and needle cokes with sulfur
contents as high as 2.2 wt. % have been absent of puffing (Brandtzaeg, 1988). Therefore,
additional factors, such as the coke’s porosity play a role in the evolution of sulfur species during
graphitization heat treatment. Producers have elected to limit sulfur to 0.5 wt. % for needle cokes
used in the production of graphite electrodes (Swain, 1991).
Several measures have been proposed to reduce puffing. One measure includes the
addition of inhibitors such as metal oxides, e.g., Iron (III) oxide. The metal provides a bonding
site for the evolved sulfur to form sulfides and, therefore, inhibits the pressure build up in pores
and reduces the effects of puffing because metal sulfides decompose at higher temperatures.
Hydrodesulfurization (HDS) of the needle coke has also been investigated to reduce puffing.
However, HDS of solid coke is a multistep process that only reduces total sulfur concentration
by around 20% (Mochida, et al., 1988). Hydrodesulfurization of the needle coke feed (DO) has
several advantages over the post treatment since sulfur is more readily removed in liquid phase.
As the trend of processing heavier crude oils containing higher levels of sulfur continues,
needle coke feedstocks will require processing to reduce sulfur content to acceptable levels.
Previous researchers (Wang, 2005; Wincek, 2013) have determined that hydrotreating decant
oils can improve mesophase development. A study by Wincek (2013) showed that a high sulfur
DO (2.5 wt. %) can be hydrotreated to achieve the industrial standard of; 0.5 wt. % using severe
HDS conditions. He observed that the extent of mesophase development increased with
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moderate hydrotreating, while a decreasing extent of mesophase development was seen in
samples that were hydrotreated under severe conditions.
It has been demonstrated by Eser and Jenkins (1989) that there is a strong relationship
between carbonaceous mesophase development and the aromatic to aliphatic hydrocarbon ratio
in delayed coking feedstocks. Therefore, hydrogenation during hydrodesulfurization should be
kept to a minimum to maintain hydrogen aromaticity of decant oils. The change in sulfur
concentration from hydrodesulfurization is not expected to impact mesophase development
because organic sulfur has not been shown to impact mesophase development when under 3 wt.
% (Gu et al., 1984). Emphasis should be placed on sulfur removal from the heavy ends of decant
oil since these compounds are most likely to get incorporated into the coke. It is the large
molecules in the heavy ends of decant oil that are most likely to have diffusion limitations in and
out of the catalyst pores.

1.2 Research Objectives

Specific objectives of the thesis research are:
1. To identify and develop a catalyst with optimal pore size that has a high activity for
desulfurization of large sulfur compounds.
2. Identify and develop a catalyst that meets objective #1 and has a high activity for direct
desulfurization and a low activity for hydrogenation.
3. To seek relation between the extent of hydrogenation and mesophase development
through optical texture characterization of the resulting cokes.

3

Chapter 2
LITERATURE REVIEW

This chapter presents a review of publications related to carbonaceous mesophase
development including that of FCC decant oils and hydrodesulfurization of heavy oils. The first
topic introduced is the delayed coking process and how it is used to produce needle coke. This is
followed by an introduction to the harmful effects that sulfur in needle coke has on
manufacturing graphite electrodes due to puffing. Hydrodesulfurization of heavy oil is presented
with an emphasis on reducing the extent of puffing. The catalysis of hydrodesulfurization is
investigated for the potential use to selectively remove sulfur from large polyaromatic compound
in decant oil while minimizing hydrogenation.

2.1 Delayed Coking
Delayed coking is employed by petroleum refineries often to minimize the yield of
residual fuel oil via severe thermal cracking of feeds such as vacuum distillation residua. Prior to
the evolution of delayed coking severe thermal cracking of heavy feeds often resulted in
unwanted coke deposits in the heaters. Undesired coke deposition results in more frequent and
costly shut down time needed for decoking. As delayed coking evolved it was determined that
feed heaters could bring the feed to temperatures beyond the coking point without significant
coke deposition in the heaters (Gary, Handwerk, and Kaiser, 2007). Reduction of coke formation
in the heaters requires high velocity to reduce the retention time in the heater. The feed is rapidly
heated and then charged to a large coking (soaking) drum, where it is provided with the long
retention time needed for the thermal cracking reactions to reach completion. Thus the process is
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appropriately named, Delayed Coking. The primary purpose of a delayed coker is to upgrade
heavy bottoms into more valuable liquid products via a carbon rejection route. The rejected
carbon is in the form of solid, carbon rich, petroleum coke. The process is a semi-batch or semicontinuous one, employing at least two soaker drums that are switched from one to the other.
Figure 2.1 shows a schematic flow diagram of a delayed coking process.

Figure 2.1 Schematic flow diagram of delayed coking process (Gary et al., 2007)

Fresh feed is either charged directly to the furnace or more commonly to the fractionator.
Benefits of charging to the fractionator include: increased thermal efficiency, fresh feed
quenches hot vapors from coker drum thus preventing unwanted coke formation in the
fractionator, and light material in the fresh feed not desired as coker charge is stripped out (Gary
et al., 2007). The coker feed is then rapidly heated to coking temperature between 480 and 515
5

°C by traversing through a gas fired furnace. The feed is then sent to the active drum that has
been preheated by hot vapors, while coke is removed from the other drum. During long residence
time exothermic condensation of aromatics along with heat form fresh feed provide the needed
energy for the endothermic dealkylation and paraffin cracking. The condensed aromatics are
converted to coke though the formation of carbonaceous mesophase. Heteroatoms such as sulfur
and nitrogen along with metals tend to concentrate in the coke. A schematic of the coke
formation in the active drum and the coke removal in the inactive drum is given in Figure 2.2.

Figure 2.2 Schematic of petroleum coke formation and decoking of coke drum (Coking, 2015)
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Two types of coke are produced from delayed coking of vacuum residua termed after their
appearance: shot coke which resembles bee-bee shots is comprised of agglomerates of discrete
hard spherules ranging in diameter from 0.2 to 0.5 cm, and sponge coke which resembles a sponge
(Eser and Guitian, 2013). Sponge coke undergoes a more extended mesophase than shot coke and
results in a sponge like appearance with irregular lumps and pores. Shot coke is primarily used as
a low value fuel. Sponge coke is also often used as fuel but can be used in the production of carbon
anodes if the sulfur and metal content are below the specifications given in Table 2.1 (Elliot, 1995).
Shot coke forms from rapid hardening of the mesophase which extinguishes growth of ordered
structure. Shot coke is common when coking a feed rich in asphaltene content. Shot coke can also
occur when the feed is not homogeneous, shot coke formation may occur at the heterogeneous
boundaries as experienced by (Nesumi, et al., 1989) when they attempted to make needle coke
from a blend of DO and vacuum residua.

Table 2.1 Carbon anode coke specifications for sponge coke (Elliot, 1995)
Volatile Chemical Matter, wt. % (dry basis)
Sulfur, wt. %
Nickel, ppmw
Vanadium, ppmw
Ash, wt. %

8-10
3 Max.
200 Max.
200 Max
0.3 Max

A specialty grade coke is made from the delayed coking of FCC decant oil under different
conditions compared to those used for coking of vacuum residua. The coke produced is a more
crystalline coke known as needle coke. Needle coke is used to manufacture graphite electrodes for
the recycling of scrap metal in an electric-arc furnace.
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2.2 Needle Coke
Like shot and sponge coke, needle coke also derives its name from its physical
appearance of needle like elongated crystalline microstructures. Needle coke is highly
graphitizable upon graphitization heat treatment that involves heating up to 2800-3000°C. The
graphitizability of needle coke is due to the rudimentary parallel stacking of planar molecules
(PAH). Feedstocks used for producing needle coke have consisted of FCC decant oils, and
pyrolysis tars derived from petroleum or coal. The key difference in needle coke feedstocks and
vacuum residues used to produce shot and sponge coke lies in the aromatic content. As measured
by proton NMR decant oils have a total hydrogen aromatic content between 20-35% where
vacuum residues only have around 4%. Vacuum residues contain more aliphatic hydrocarbons
which increase the rate of carbonization due to easy cleavage of long aliphatic chains. A large
increase is observed in mesophase development when the ratio of aromatic to aliphatic is
increased (Eser and Jenkins, 1989). Vacuum residues are too chemically reactive and produce
low quantity and quality cokes as compared to the delayed coking of FCC decant oils. Needle
coke has desired properties that make it an excellent raw material in the production of graphite
electrodes such as low coefficient of thermal expansion, low electrical resistivity, and high
mechanical strength.

2.2.1 Carbonaceous Mesophase
The conversion of DO to needle coke involves an intermediate liquid crystalline phase,
carbonaceous mesophase. The extent of mesophase development determines the textural quality
of the resulting coke. The International Union of Pure and Applied Chemistry (IUPAC) defines
carbonaceous mesophase as: “A liquid-crystalline state of pitch which shows the optical
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birefringence of disc-like (discotic) nematic liquid crystals. It can be formed as an intermediate
phase during thermolysis (pyrolysis) of an isotropic molten pitch or
by precipitation from pitch fractions prepared by selective extraction. Generally, the
spherical mesophase precipitated from a pyrolyzing pitch has the Brooks and Taylor structure.
With continuous heat treatment the carbonaceous mesophase coalesces to a state of bulk
mesophase before solidification to green coke with further loss of hydrogen or low-molecularweight compounds.”
The mesophase formation is an irreversible process because as it develops aromatic
polymerization reactions are simultaneously occurring pushing the phase to a solid state.
However, Lewis (1971) demonstrated via hot-stage optical microscopy that the initial mesophase
formation is a reversible process, or more correctly, the discotic liquid-crystal property of
mesophase can be reversible at early stages. Demonstrated by pyrolysis of naphthalene which
produced anisotropic spheres at 350 °C, upon rapid heating to 450 °C the mesophase sphere
disappeared back into the pitch. When cooled back down to 350 °C the mesophase sphere
reappeared. The reversibility was lost after only a few cycles due to cross-linking within the
mesophase. The mesophase an intermediate phase between pitch and coke possess both isotropic
fluid properties of a liquid and the optically anisotropic properties of a solid crystal.
The Brooks and Taylor structure is typically the structure of the mesophase spherules in
which the aromatic lamella (mesogens) stack parallel to the equatorial planar and curve toward
the surface to meet the isotropic liquid at right angel is shown in Figure 2.3 (Brooks and Taylor,
1968).
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Figure 2.3 Brooks and Taylor mesophase spherules structure (Brooks and Taylor, 1968)

The Brooks and Taylor mesophase spherules have been viewed by hot stage microscopy and
scanning electron micrography like the one shown in Figure 2.4. Once the mesogens form in
liquid phase they begin to immediately associate. Thereafter the units coalesce into larger areas
by continued polymerization and condensation reactions, forming anisotropic regions.

Figure 2.4 Scanning electron micrograph of mesophase spherules from decant oil (Marsh and
Diez, 1994)
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2.2.2 Carbonization
The carbonization process is initiated by the formation of free radicals at temperatures
above 400 °C. Free radicals rapidly react with other radials or molecules through an overall
dehydrogenation and dealkylation process, with the possibility of rearrangements and
fragmentation forming new molecular species (Marsh et al., 1999). The process continues until
the molecules are too large to be soluble in the isotropic pitch and enter into the mesophase. The
mesophase regions coalesce until the molecular weights become too high and the mobility is lost
as the molecules lose most of their translational and rotational energy. A general scheme of a
common pitch molecule, anthracene, converting from pitch to coke and finally to a synthetic
graphite is given in Figure 2.5 (Lewis, 1982). Figure 2.6 illustrates the conversion of needle coke
to synthetic graphite upon calcination and graphitization heat treatment (Marsh and Griffiths,
1982).

Figure 2.5 General carbonization scheme for anthracene (Lewis, 1982)
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Figure 2.6 Illustration of graphitization heat treatment (Marsh and Griffiths, 1982)
Coke microstructure (optical texture) depends on the extent of mesophase development
and a degree of fluidity of the carbonizing medium is required to promote higher extents of
mesophase development. Prolonging the fluidity during early carbonization allows the mesogen
molecules to align and form a well-developed mesophase that covers a large area. Small
molecular weight molecules are produced by dehydrogenation and dealkylation reactions, and
the evolution of these gases aides in the orientation of the mesophase units. The chemical
reactivity directly impacts the viscosity (fluidity) of the carbonizing medium. Highly reactive
mediums will result in rapid growth and increased viscosity, hindering parallel alignment and
coke quality. Viscosity changes with heat treatment are depicted in Figure 2.7 (RodriguezReinoso et al., 1998). Once the mesophase becomes so large is loses its mobility and allows for
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easier cross-linking between stacked mesogen molecules, thus increasing the viscosity in the
final stages of carbonization as seen in Figure 2.7 (Marsh et al., 1999).

Figure 2.7 Viscosity change with heat treatment (Rodriguez-Reinoso et al., 1998)

Based on the reactivity of the feedstocks White and Price (1974) proposed that highly reactive
compounds limit mesophase growth and slow reacting compounds with controlled reactivity
result in a well-developed mesophase. A study using high temperature 1H NMR used in situ by
Azami et al., (1991) showed that mesophase formation increased rapidly after mesophase
development reached 5%. They suggest mesophase behaves as an autocatalytic species
promoting the formation of free radicals from pre-mesogen molecules. However, there is no
direct evidence of mesophase acting as an auto-catalyst and is not believed to be the case
according to Marsh et al., (1999) who do not believe mesophase, which is held in place by weak
van der walls forces or by covalent bonding, can be responsible for catalyzing the formation of
free radicals. Another study by Harvey and West (1996) using in situ 1H NMR correlated the

13

total mesophase proton signal to the resulting optical texture of coke. They found that
correspondence between wt. % of mesophase and optical texture were very good.

2.3 Puffing
Upon graphitization heat treatment of needle coke the lattice spacing is reduced and the
crystallite size is increased. As displayed in Figure 2.6 the mesogens and the texture become less
defective with the increasing heat treatment temperature. The majority of defects are converted
to near graphitic structure upon heat treatment beyond 2000 °C. The process results in shrinkage
and densification of the coke. Shrinkage is typically between 3-5 % by volume. However, an
irreversible volume expansion (puffing) has been observed when some sulfur containing cokes
are heat treated. The volume expansion increases the porosity which is deleterious to the desired
carbon material properties, such as strength and electrical conductivity. Needle cokes derived
from coal tars suffer puffing from both sulfur and nitrogen but nitrogen from petroleum derived
needle cokes usually evolves below the puffing temperature (Noda et al., 1968; Fujimoto et al.,
1989). Puffing in needle coke derived from petroleum is believed to be primarily from CS2 and
H2S (Fujimoto et al., 1989).
Changes in the crystallites during heat treatment indicates that the coke has a degree of
elasticity during graphitization due to the fact that carbon atoms move significantly. During the
so called plastic state of the carbon matrix puffing takes place, at the same time evolved gases
expand the coke grains as they pass form hexagonal carbon planes into pores before exiting the
material (Fujimoto et al., 1989). When the rate of formation of evolving sulfur species exceeds
the degasing rate a pressure build up occurs in the pores causing mico-cracks within the
structure. Thus the extent of puffing is dependent on both the total sulfur concentration of the
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starting needle coke and its porosity. Puffing has typically been observed in cokes containing
greater than 0.8 wt. % sulfur (Grindstaff and Whittaker, 1974). However, needle cokes with
sulfur as low as 0.65 wt % have puffed and needle cokes with sulfur as high as 2.2 wt. % have
been absent of puffing (Brandtzaeg, 1988). Therefore, additional factors, such as the coke’s
porosity play a role in the evolution of sulfur species during graphitization heat treatment.
Producers have elected to limit sulfur to 0.5 wt. % for needle cokes used in the production of
graphite electrodes (Swain, 1991).
Several techniques have been proposed to inhibit puffing, including the addition of metal
oxides iron (III) oxide. The metal provides a bonding site for the evolved sulfur to form sulfides
and, therefore, inhibits the pressure build up in pores and reduces the extent of puffing because
metal sulfides decompose more slowly at higher temperatures. Several metal oxide additives
were evaluated for the their puffing inhibition properties on needle coke samples derived from
coal tar pitch by Fujimoto et al., (1986). They determined by means of X-ray photoelectron
spectroscopy (XPS) that the sulfur species in metal oxide impregnated heat treated samples
remained in the form of thiophenic sulfur and did not convert to sulfides as expected. However,
the addition of metal inhibitors did greatly reduce the extent of puffing. They propose that the
interaction between the softened metals during heating and the carbon matrix upon heat
treatment lowers the softening point of the carbon without effecting the sulfur gas evolution
temperature. Therefore, by changing the softening of the carbon bodies away from that of gas
evolution puffing was greatly reduced. Slower heating rates have also been shown to reduce
puffing but doing so reduces the energy efficiency of the heat treatment, an energy intensive
process and may also reduce the quality of the resulting carbon electrode. Using low sulfur
needle coke for electrode manufacture shows very little to no deleterious volume expansion from
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puffing upon graphitization heat treatment. Sulfur concentration in needle coke can be reduced
by HDS of needle coke. However, HDS of solid coke is a multistep process that only reduces
total sulfur concentration by around 20% (Mochida et al., 1988). A study by Mochida et al.,
(1988) used the following procedure to reduce sulfur content in a needle coke sample from 0.47
wt. % to 0.35 wt. %. The first step is an oxidation step at 500 °C under an atmospheric air flow
for 1.5 hours, after oxidation the sample is cooled to ambient before thermal
hydrodesulfurization under a flow of hydrogen at 750 °C for 5 hours. The process is not only
costly but shows only moderate sulfur reduction and results in a signification coke weight loss
around 20% (Mochida et al., 1988). A more reasonable approach is to start with a low sulfur
decant oil feed. However, as the availability of sweet crudes is reduced American refiners are
processing more and more heavy sour crude (Guerica, 2010). The higher the sulfur concentration
in the starting crude the higher the sulfur concentration will be in the decant oil unless the FCC
feed is hydrotreated. Decant oil represents 3-7% of the total product from an FCC and refiners do
not hydrotreat FCC feed in order to reduce the sulfur concentration in the DO. As of 2010 only
40% of US FCC feed was hydrotreated and only mildly (Guercia, 2010). Total DO production,
region, and sulfur wt. % are given in Table 2.2.

Table 2.2 US DO production in thousand tons per year by region and average sulfur content
(Guerica, 2010)
1,000 Ton/Year
Production %
sulfur wt. %
Gulf Coast
8,700
49
2.1
Inland US
4,500
25
2.2
West Coast
2,400
14
1.1
East Coast
2,100
12
2.0
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From Table 2.2 it is evident that available DO sulfur wt. % is well above the desired 0.5 wt. %
that has come be the standard among needle coke producers. Sulfur wt. % of DO and resulting
needle cokes tend to be nearly equivalent, therefore, sulfur reduction of DO is necessary and can
be achieved via hydrodesulfurization.

2.4 Hydrodesulfurization
Hydrotreating decant oil catalytically offers the potential to increase the available DOs
for use in low sulfur needle coke production by removing sulfur in the form of H2S while
maintaining the carbon skeleton structure. Decant oil is a heavy, aromatic by-product from FCC
and is not typically further processed by refiners. Therefore, literature pertaining to the HDS of
DO is scarce. However, US diesel fuel feedstocks are comprised of gas oil and light cycle oil
(LCO). Light cycle oil is also a product of the fluid catalytic cracker that containing high-boiling
fractions similar to the low-boiling fractions of decant oil, containing the same two and three
member polycyclic aromatic sulfur containing hydrocarbons (benzothiophene and
dibenzothiophene). Severe HDS of LCO is required to meet the strict environmental regulations
on diesel fuel and thus provides a starting point for the evaluation of HDS of DO.

2.4.1 HDS of benzothiophene and dibenzothiophene
The major sulfur compounds in LCO are alkyl derivatives of benzothiophene (BT) and
dibenzothiophene (DBT). To meet the ultra-low sulfur diesel requirement of 15 ppm diesel
feedstocks must undergo deep HDS. Figure 2.8 illustrates a chromatogram with a sulfur selective
detector from diesel fuel before and after HDS over a cobalt-molybdenum catalyst supported on
gamma-alumina (Fujikawa, 2006).
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Figure 2.8 Chromatogram of diesel feed before and after HDS over CoMo/γAl2O3 (Fujikawa,
2006).
The chromatograms in Figure 2.8 show that the deep HDS completely removed the
smaller benzothiophenes, alkylbenzothiophenes, dibenzothiophenes, and mono substituted
dibenzothiophenes. The remaining sulfur compounds are the refractory 4,6dimethyldibenzothiophene and DBTs with steric hindrance from methyl groups. The HDS can
proceed via the direct desulfurization (DDS) route, through hydrogenation of the aromatic prior
to desulfurization, or via isomerization of the methyl groups prior to desulfurization. These
reaction pathways are illustrated in Figure 2.9.
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Figure 2.9 HDS reaction pathways (Mochida et al., 2013)

Providing proper acidity by using acidic zeolite supports the isomerization pathway is
opened up and as shown in Figure-2.9 4,6-DMDBT forms 3,6-DMDBT, reducing the steric
hindrance. However, adding acidity increases the cracking and coking propensity of the catalyst
and is not desired. The HYD pathway is not desired during HDS of DO because saturation of the
aromatics produce non-planar compounds that hinder mesophase development. The HYD is less
favored thermodynamically during high temperature HDS of alkyl-DBT (Mochida et al., 2013).
The HDS of BT and DBT provides a useful starting point for evaluating HDS of DO. However,
it is the heavier sulfur containing compounds (4-6 member thiophenes) that are more likely to get
incorporated into the coke and focus should be given to these compounds. The BTs and DBT are
likely to evaporate out of the reaction medium and end up in the coker gas oil fraction rather than
in the coke.
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2.4.2 Catalyst Selection for HDS of DO
Generally HDS catalyst are comprised of molybdenum (Mo) or tungsten (W) promoted
by cobalt (Co) or nickel (Ni) and supported on an alumina carrier. Where Mo or W is the active
metal and Co or Ni is classified as promoter because of the role they play in HDS reactions.
Usually these metals are paired as, CoMo, NiMo, and NiW. Typical support carriers consist of
alumina, silica, mesoporous alumina-silica, and zeolites with alumina being by far the most
common. Tungsten based HDS catalysts are known to hydrogenate condensed polyaromatics to a
further extent than that of Mo based catalysts. Since HYD is not a desired catalytic property for
HDS of DO, Mo based catalysts are better suited for HDS of DO. Alumina is the most common
carrier because use of zeolites may lead to unfavorable decomposition reactions and have higher
coking propensity due to higher concentration of Lewis acid sites and because silica was shown
to a be a less effective HDS catalyst support.

2.4.3 Promoter Atom Reactivity and Reaction Mechanism for Mo/Al2O3 HDS Catalysts
In HDS catalysts, Ni and Co are often interchanged or used in combination as a promoter
for alumina supported Mo catalysts. If nitrogen reduction is desired, Ni is the preferred promoter
(Gary et al., 2007). However, since nitrogen evolution occurs before the onslaught of puffing its
removal is not required in needle coke used for graphite electrode production. Although both
CoMo and NiMo catalysts remove both nitrogen and sulfur, NiMo was reported to have a higher
HYD reactivity (Gary et al., 2007). Therefore, CoMo is expected to selectively remove more
sulfur via the DDS pathway and consume less hydrogen than a NiMo catalyst. In cases where
aromatic saturation and nitrogen removal is desired like in upgrading coal tars, Ni would be the
preferred promoter atom (Gary et al., 2007).
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A detailed study by Bataille et al. (2000) aimed at elucidating the pathway preference of
Ni and Co promoted Mo/Al2O3 was conducted using DBT and 4,6-DMDBT as reactants. Both
NiMo and CoMo show an overall increase in HYD with increasing hydrogen pressure. The
promoting effect on overall HDS as compared to unprompted Mo/alumina increased HDS by a
factor of nearly 20. The increase in HDS is essentially due to the enhancement of the DDS
pathway of DBT. Table-2.3 gives their results by catalyst type and reactant when operated in a
fixed bed micro reactor at 340 °C and 500 psi hydrogen pressure.

Table 2.3 Activities of Mo, NiMo, and CoMo alumina supported catalysts (Bataille et al., 2000)

As displayed in Table 2.3 CoMo does have a higher selectively of DDS/HYD than that of NiMo
in the case of DBT. However, Co has the same DDS/HYD ratio of Ni when 4,6-DMDBT is the
reactant. It is known that refractory compounds like 4,6-DMDBT are partially shielded to DDS
by steric hindrance of the methyl groups and therefore are desulfurized through HYD. So it
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would be expected that Ni would have a higher overall HDS activity for 4,6-DMDBT. However,
Ni showed higher overall HDS activity for both DBT and 4,6-DMDBT as shown in Table 2.3.
In a study on HDS of LCO using GC/MS Azizi et al. (2013) found that Ni and Co have
different HYD activities towards different sized polyaromatic hydrocarbons (PAHs).

Table 2.4 HYD activity towards mono, di-, and poly PAHs based on promoter atom and support
(Azizi et al., 2013)
Catalyst
Reduction in aromatic content wt. %
MonoDiPolyTotal
NiMo/Al2O3
20.2
74.6
69.2
51.7
CoMo/Al2O3
17.2
75.1
73.7
50.9
NiMo/TiO2
43.0
64.2
57.7
55.2
CoMo/TiO2
30.1
63.2
61.5
49.6
The operating conditions used ranged from 340-360 °C and 500-725 psi hydrogen pressure.
They report that all catalysts show an increase in HYD activity as a function of increasing
pressure. The results in Table 2.4 are from HDS of LCO at 350 °C and 725 psi. It is seen that
promoter effects on HYD of di and poly PAHs are largely the same. The polyaromatics which
are more closely related to DO are further hydrogenated by Co than Ni when supported on
alumina which is contradictory to what is most widely believed and reported first in this section
by (Gary et al., 2007).
From the contradictory literature on effects of promoter atom it is unclear whether using
Ni or Co as promoter has any appreciable effect on HDS pathway. It is, however, clear that using
a promoter such as Ni or Co greatly increases total HDS by providing the atomic hydrogen
needed to remove the chemisorbed sulfur from the Mo in the form of H2S. Also of interest is the
effect of catalyst support material on HDS activity.
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2.4.4 Catalyst Support Effects for NiMo and CoMo HDS Catalysts
Alumina is the most widely used HDS support because of its high mechanical integrity,
surface area, and low cost. However, it is has been demonstrated that Al2O3 has direct
interactions with the active metal species and has an indirect role in determining the promotional
effect of either Ni or Co due to metal support interactions. Much research has focused on the
development of new supports for deep HDS, including materials such as TiO2, SiO2, SiO2-Al2O3,
modified alumina with phosphorus, zeolites, carbon, and their mixtures.
The MCM-41 was discovered by Mobil researchers in 1989. These materials may have
surface areas as large as 1000m2/g and pore sizes between 2-20 nm depending on the synthesis
procedures. The material which is a mesoporous molecular sieve is characterized by hexagonal
arrays of uniform mesopores, high sorption capacity, small pore size deviations, high surface
area, and variable acidity (Turaga and Song, 2003). Turaga and Song (2003) have shown that
CoMo supported on MCM-41 removes sulfur from LCO more through DDS rather than the
HDY mechanism as compared to CoMo on alumina. However, MCM-41 is not a practical
support material for HDS because of low mechanical integrity.
Solid carbon has received attention as a possible support material but also lacks the
mechanical integrity needed to withstand the sever conditions in the hydrotreater. Benefits of
using carbon as a support include: low cost, surface area, inertness, active metal recovery by
burning carbon off, and coking tendency is 1/3 that of alumina supported catalysts (Butterworth
and Scaroni, 1985). According to Abotsi and Scaroni (1989) alumina based CoMo HDS catalysts
are more active for retrogressive coking reactions of PAHs such as anthracene in controlled
studies than carbon supported CoMo. They also found CoMo/carbon to be just as effective or
more effective at reducing sulfur in controlled HDS studies of thiophene and dibenzothiophene.
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For instance Abotsi and Scaroni (1989) prepared Co, Mo, and CoMo catalysts supported on
carbon black composites. Carbon black composites are made by carbonizing carbon black in a
thermosetting medium such as furfuryl alcohol in an inert environment. The reduction in coking
propensity of carbon based support over alumina is attributed to its lower acidity. Of most
significance the authors found that Co alone supported on CBC was a highly active catalyst, in
contrast to Co/alumina which has very limited HDS activity. The activity of Co/CBC over
Co/alumina is credited to Co’s weak interaction with the carbon support, therefore, allowing it
convert to an active sulfide species. In contrast, alumina has a strong affinity for metal, and Co
on alumina may form CoAl2O4 which resists sulfidation and, therefore, is catalytically inactive.
However, as mentioned carbon lacks the required mechanical integrity to be suitable as support
for HDS. To get the benefits of alumina’s mechanical integrity and carbon’s inertness, carbon
coated alumina is of interest. However, uniform carbon coating has proved to be difficult and not
scalable. It should be mentioned that Abotsi Scaroni (1989) may have observed higher HDS
using carbon support due to the presence of possible metal impurities in the starting carbon black
especially that of Fe.
The use of oxides other than alumina and silica such as TiO2 and ZrO2 have given
promising results (Ramirez et al., 1989; Vrinat et al., 1994; Ramirez et al., 1998). However,
these materials haven’t been widely employed for HDS supports due to low thermal stability and
low surface area. Recent advances in materials science have resulted in anatase based TiO2 with
appreciable surface areas and thermal stabilities. These supports have been given increasing
attention and as can be seen in Table 2.4 their HYD activity is far less than that of CoMo or
NiMo on alumina. The authors of Table 2.4 also report that TiO2 supported catalysts showed
appreciably higher HDS total reactivity which can be directly related to a higher DDS pathway
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activity. TiO2 has also been shown to be more active towards refractory compounds like 4,6DMDBT as reported by (Lecrenay et al., 1998; Azizi et al., 2013; Ramírez et al., 2004). Also
reported by Azizi et al (2013) is that liquid yields were maximized and coke on catalyst was
minimized, as determined by TGA analysis of spent catalyst for NiMo and CoMo supported on
TiO2 as compared to Al2O3.
The increased activity from TiO2 can not be explained solely by an increase in dispersion
and, therefore, an increase of active site concentration. However, it is believed that a fraction of
Ti4+, the naturally species of Ti in TiO2, is reduced under reaction conditions to Ti3+. When in
intimate contact with the MoS2 slabs the excess electron in Ti3+ can be injected into to Mo 3d
conduction band (Ramírez et al., 2004). The charge transfer displayed in Figure 2.10 shows how
sulfur vacancy active sites are produced through the electronic charge transfer.

Figure 2.10 Charge transfer effect from Ti3+ on active sulfur vacancy site formation
(Ramírez et al., 2004)
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2.4.5 CoMo/Al2O3 Structure and Active Site
The HDS catalyst require presulfiding to become active catalysts for HDS. The most
thermodynamically stable Co sulfide under reaction conditions is Co9S8 and is essentially
catalytically inactive. For Co to promote the HDS reactions it must anchor at an edge site of a
MoS2 nanoparticle where it is in the catalytically active form. MoS2 is the most
thermodynamically stable species of Mo sulfide and often exists as two layers of MoS2. The
MoS2 basal plane like Co9S8 is catalytically inactive expect for sulfur vacancies which are more
prevalent at the active edge sites. The active edge site promoted by Co forms the CoMoS active
site and was first proposed and discovered using Co-Mössbauer emission spectroscopy (MES) by
TopØse and Clause (1984). As displayed in Figure 2.11, MoS2 has an ordered structure with Co
coordinated on the slab edge to provide the active sites.

Figure 2.11 Structure of CoMo supported catalyst (TopØse and Clause, 1984)

Also displayed in Figure 2.11, are inactive Co9S8 cluster and Co molecules interacting with the
alumina support. Neither Co nor Mo sulfide supported on alumina alone shows appreciable HDS
reactivity. It is the synergistic effect of the two metals together that is responsible for the
reactivity. It is widely believed that Co is able to lower the oxidation state of Mo through
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electron transfer and together CoMo acts to alter the local electronic environment of neighboring
S atoms (Leglise et al., 2000). For instance, the DDS pathway is increased seven
fold by the addition of Co to MoS2/Al2O3 for the HDS of DBT at 340 °C and 1000 psi of H2,
while the HYD pathway increases two fold (Okamoto, 2014). Under the same conditions the
DDS pathway of the sterically hindered 4,6-DMDBT exhibits a three fold increase while the
HYD pathway increases 1.4 fold. Recent advances in scanning tunneling microscopy allowed
Lauritsen et al. (2001) to obtain the atomic structure of CoMoS. They showed that Co impacts
the morphology of the MoS2 nanoclusters by converting the triangular form found in pure MoS2
to a hexagonally truncated form. The morphology change aids in Co presence at the sulfur edge
of MoS2.

2.4.6 HDS Operating Conditions
Conditions that favor direct desulfurization are desired while avoiding conditions that
favor HDS through the HYD pathway. High temperature as reported by Mochida et al. (2013)
hinders the HYD pathway. They report that at temperatures between 380 °C and 425 °C there is
little hydroaromatic formation from HDS of 4,6-DMDBT. Increasing the reaction pressure has
the opposite effect and favors the HYD pathway. As reported by Leglise et al. (2000) the HDS of
DBT favors the HYD pathway almost exclusively at high operating pressures. A relationship
between HDS pathway and operating pressure is given Figure 2.12. Where HYG stands for
hydrogenolysis and is often used in place of direct desulfurization (DDS).
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Figure 2.12 HYD pathway plotted against pressure (Leglise et al., 2000)
2.4.7 Pore Diffusion
Hydrodesulfurization can be limited by the diffusion of recants in and out of the internal
pores especially for the larger sulfur compounds (Fukase and Akashah, 2004). Therefore, it is
important to select a pore diameter that will allow access to the largest compounds found in DO
without too much sacrifice in surface area. A relationship between feedstocks weight, pore
diameter, and surface area is given in Figure 2.13 (Fukase and Akashah, 2004).
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Figure 2.13 Pore size and surface area suggestions by feedstock (Fukase and Akashah, 2004)

Overall HDS reaction rate is limited by pore diffusion, resulting in underutilized
catalysts. Diffusion restrictions are further amplified when reactor residence times are high.
Several researchers have studied catalyst pore diffusion of heavy oils with techniques such as
diaphragm (Sane et al., 1992), sorptive (Chen et al., 2010), and reaction-kinetic methods (Wang
et al., 2011). However, industrial CoMo HDS catalysts are typically supported on gamma
alumina with a broad pore size distribution. The broad pore-size distribution and tortious pore
connectivity makes it difficult to distinguish intrinsic catalytic kinetics from pore diffusion
(Wang et al., 2014). Philippopoulos and Papayannakos (1988) investigated the pore diffusion of
atmospheric residue oil over two types of commercial CoMo catalysts supported on alumina. The
authors determined that the effective diffusion coefficient in the catalyst with broad pore-size
distribution (average pore diameter of 11 nm) was 2.9 times larger than that of a catalyst with a
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similar average pore diameter (8.6 nm) but unimodal pore-size distribution. Because the
tortuosity factor is unclear, only the effective diffusivity is known. The observed increase in
diffusion can be attributed to the larger pores contained in the broadly dispersed pored catalyst.
Three Saudi vacuum residues with increasing molecular weight and average molecular
diameter were hydrodesulfurized and analyzed over five catalysts with increasing pore diameters
by Wang et al. (2014). The authors found that intrinsic diffusivity decreased significantly with
increasing molecular weight, and diffusion deviated from bulk diffusivity when the ratio of
molecular diameter to pore diameter was larger than 0.04. Below 0.04 diffusion is considered to
be near free diffusion. However, free diffusion rates do not maximize HDS. The highest HDS
activity occurs when molecular-diameter/pore-diameter is between 0.06-0.1.
Typical decant oils have an average boiling point between 380 and 440 °C according to
Escallon (2008). Common PAHs within this boiling range found in DO are chrysene and pyrene.
Chyrsene and pyrene have dimensions of 1.38 by 0.8nm and 1.16 by 0.92nm respectively
(Sander and Wise, 1997). The average of their long dimension is 1.27 nm. According to the ideal
molecular-diameter/pore-diameter determined by Wang et al. (2014) the ideal HDS catalyst pore
diameter for DO is between 13 and 21 nm.
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Chapter 3

EXPERIMENTAL SECTION

This chapter describes the experimental and analytical procedures used in this thesis
research. Two FCC decant oils were fractionated by vacuum distillation. The fractions with
atmospheric boiling points between 385 and 490 °C and the parent oils were hydrodesulfurized
in a pilot-scale flow reactor to reduce sulfur content. Parent oils, distillation fractions, and HDS
products were analyzed by proton nuclear magnetic resonance (NMR), and total sulfur analysis.
The parent oils, HDS products obtained from catalyst_A, and resulting semi-cokes were
analyzed by X-ray adsorption near edge spectroscopy (XANES). Parent oils and desulfurized
oils were used to make semi-cokes by carbonization in tubing reactors. Optical microscopy of
resulting semi-cokes was used to observe mesophase development. Detailed descriptions for
experimental procedures and analytical procedures follow. Two FCC decant oils previously
studied and characterized with gas chromatography and mass spectrometry by Wincek (2013)
were used in this thesis. Throughout this work DO_HS and DO_LS are used to designate the
middle fraction oils. Parent oil designation is given as DO_HS_P and DO_LS_P where HS
stands for high sulfur and LS stands for low sulfur. Sulfur weight percent of the parent oils are
0.9 and 2.5 wt. % representing a low and high sulfur DO.

3.1 Selection of Materials
Two fluid catalytic cracking decant oils were selected for this study. They were supplied
by an industrial needle coke manufacturer within the Unites States. The two oils represent a high
(2.5 wt. %) and low (0.9 wt. %) sulfur content decant oil that maybe available from refineries in
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the United States as can be seen from the decant oil sulfur content by region given in Table 2.2.
As the trend of processing heavier and more sour crudes continues needle coke manufactures
will no longer have access to as refined low sulfur decant oils and will be forced to further
hydrotreat the oils in order to reduce the sulfur content down to acceptable levels. By selecting
oils with both low and high sulfur content the potential of hydrodesulfurization to increase the
availability of decant oils to needle coke manufactures is analyzed.
The experimental matrix used to evaluate hydrodesulfurization of decant oils includes
catalyst properties. Four catalysts were used in this study. Catalyst-A was supplied by Advanced
Refining Technologies. Catalyst-A is advertised as a hydrotreating catalyst with high activity for
direct desulfurization and low activity for hydrogenation and catalytic cracking. The objectives
given in Section 1.2 require that the hydrodesulfurization catalyst have high activity for direct
desulfurization and a low activity for hydrogenation, therefore, catalyst-A meets these
requirements. However, like most commercially available hydrotreating catalysts on the market
catalyst-A has an average pore diameter of 7 nm. Hydrodesulfurization of heavy oils such as
decant oils require a larger mesoporous catalyst to be effective as reported in Figure 2.13 by
Fukase and Akashah, (2004). The commercially available hydrotreating catalysts with larger
pore diameters are dual functional hydrotreating and hydrocracking catalysts. This comes as no
surprise since upgrading heavy oil is done to produce transportation fuels by cracking and
hydrotreating rather than just hydrotreating. Since cracking is not desired catalyst B, C, and D
were prepared using incipient wetness impregnation and not purchased. Catalyst properties are
given in Table 3.1.
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Table 3.1 Catalyst Properties
Properties
A
Metal loading wt. %
20.5 MoO3
Promoter Atom wt. % 4.3 CoO
Support
γ-Al2O3
Pore Diameter nm
7
(81% 5-10)
Surface Area m2/g
214

Catalyst
B
20.5 MoO3
4.3 CoO
γ-Al2O3
14
(86% 12-16)
150

C
D
20.5 MoO3
16.6 MoO3
4.3 NiO
3.5 CoO
γ-Al2O3
Anatase TiO2
14
14
(86% 12-16) (78% 12-16)
150
150

The alumina support used for catalyst B and C and TiO2 support used for catalyst D were
purchased from Alfa Aesar. Catalyst B, C, and D were loaded with cationic metal salt precursors
in aqueous solution. Cationic metal precursors were selected because the zero point charge of
TiO2 is 6 and that of alumina is 7. Therefore, in aqueous solution the absorbents on TiO2 will be
cationic and since alumina is amphoteric the adsorbents can be cationic or anionic. The cationic
metal precursors used include: Ammonium heptamolybdate tetrahydrate (NH4)6Mo7O24∙4H2O,
Cobalt nitrate hexahydrate Co(NO3)2∙6H2O), and Nickel (II) acetate tetrahydrate
C4H6NiO4∙4H2O.
Catalyst-B was prepared to study the effects of pore size on hydrodesulfurization and
hydrogenation of decant oil as compared to catalyst-A. Catalyst-C was used to evulate the
promoter atom change from Co to Ni as compared to catalyst-B. Catalyst-D was prepared to
study the effects of a support material change from alumina to TiO2 as compared to catalyst-B.
The metal loading wt. % for catalyst-D as given in Table 3.1 do not match the metal loading wt.
% for the other catalysts supported on alumina because TiO2 is more dense than alumina and not
because less metals were loaded onto TiO2.
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3.2 Vacuum Distillation Setup and Operation
A simple laboratory scale vacuum distillation unit was used to fractionate the decant oils.
The setup is shown in Figure 3.1.

Figure 3.1 Vacuum distillation setup (Wang, 2005)

A 500 ml three-neck distillation flask was filled with 200 ml of decant oil. Nitrogen was
introduced through one of the necks of the distillation flask. Nitrogen was bubbled through for
several minutes prior to distillation to remove dissolved oxygen from the oils. The sample was
heated using a standard heating mantle connected to a heat controller. Temperature was taken
from a thermometer feed in through the top of the 3 way distillation adapter. A 0.33 horse power
vacuum pump was connected to the vacuum adapter and fitted with a valve. Pressure reading
was taken from a vacuum gauge fitted between the valve and vacuum adapter. A thin coat of

34

high vacuum grease was used to seal all glassware joints and help separate glassware upon
completion of the experiment. An excess of lubricant is to be avoided due to its tendency to
foam. Oils were degassed following nitrogen purging by slow pressure reduction and slow
heating. Once the samples were degassed, heating rates were increased to reach the set points.
Decant oils were separated into fractions with accordance to ASTM method D1160
(ASTM-D1160-03 Standard Test Method for Distillation of Petroleum Products at Reduced
Pressure). To avoid unwanted thermal cracking, temperatures were kept well below the cracking
temperature of 350 °C. The vacuum was maintained at 5 mm Hg. Three fractions were collected
for each oil. The lightest fraction contains compounds with boiling points below 385 °C
atmospheric equivalent temperature (AET). The second or middle fraction is material collected
with boiling points higher than 385 °C and less than 490 °C AETs, and the remaining vacuum
bottoms (VBs) left over after removal of the first two cuts. AET’s were converted to effective
boiling points with a Pressure-Temperature Nomograph from Sigma Aldrich. AET’s can also be
calculated from observed BPs under vacuum by Equation-1:
(748.1 × 𝐴)

AET (°C) = 𝑉 −1 +(0.3861 ×𝐴)−0.00051606 − 273

(1)

𝑇

Where VT is the temperature of the distillated vapor at temperature T in Kelvin and A is found
using Equation-2:
A=

5.9991972−(0.977472 ×𝑙𝑜𝑔𝑃)
2663.129−(95.76 ×𝑙𝑜𝑔𝑃)

(2)

Where P is the pressure in mm Hg.

Cut points were selected using tabulated boiling points from the major compounds found
in decant oil, the tabulated data is given in Appendix A. The first cut point, 385 °C, was selected
to remove light sulfur compounds like DBTs from heavier sulfur compounds,
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benzonapthothiophenes (BNTs) and to remove the two and three member PAHs that are not
likely to appear in the coker feed. The second cut point of 490 °C separates the four and five
member rings from the heavy ends. The heavy ends or VBs are in a solid phase at room
temperature and are not further treated. Of the three fractions obtained from distillation are the
light fractions, middle fractions, and VBs. The light fractions are likely to be separated from the
coker feed in the fractionator tower prior to being charged to the delayed coker. Therefore, the
light ends are not used as semi-coke or HDS feedstock in this thesis study. The light ends have
low viscosity and may find use elsewhere as a fuel oil viscosity cutter after HDS. The middle
fraction was selected for hydrotreatment. The vacuum bottoms are blended back in with the
hydrotreated middle fraction to make up a coker feed for this thesis study.

3.3 Simulated Distillation by Gas Chromatography
Simulated distillation by gas chromatography (GC-SimDis) was used to measure the
molecular weight distributions of the oils and was carried out using a Hewlett-Packard Model
5890 II Plus GC with a flame ionization detector and temperature programmable cool on-column
injector with reference to ASTM standard (ASTM-D2887-14 Standard Test Method for Boiling
Range Distribution of Petroleum Fractions by Gas Chromatography). On-column injection is
used to avoid sample discrimination and decomposition that occurs in heated inlets relying on
flash vaporization. The samples were prepared by diluting them with CS2 to about 3.5 wt. % (38
mg sample per 1.1 g CS2). High purity CS2 was selected as the solvent because of its low boiling
point, and low response factor in the FID. The injection volumes were 1.0 μl. Analysis time is
approximately 40 minutes per sample. Sample were run in at least duplicates to show
reproducibility. Reference Gas Oil No.1 blanked with nitrogen and prepared by Phillips
36

Chemical Company (purchased from Supleco, Bellefonte PA) was used as the standard. The true
boiling point (TBP) distillation assay for the standard is given in Appendix B. Data was
processed using SimDis expert software (V 6.3) provided by Separations Systems Company.

3.4 X-Ray Adsorption Near Edge Spectroscopy (XANES)
X-ray Adsorption Near Edge Spectroscopy was used to determine the sulfur functionality
of decant oil, treated oils, and semi-cokes. Sulfur K-edge XANES were carried out on beamline
9-BM-B of the Advanced Photon Source (APS) at Argonne national Laboratory. APS produces
this nation’s highest energy storage ring generated X-ray beams. The electrons responsible for
producing these brilliant beams are accelerated in a linear accelerator or LINAC to 99.999% the
speed of light or 299,792,458 m/s. Upon exiting the LINAC electrons are injected into a booster
synchrotron. Electromagnets accelerate the electrons from 450 million eV to 7 billion eV in a
half a second, the electrons are then traveling faster than 99.999999% the speed of light. 7 GeV
electrons pass overhead in the 1104 m circumference storage ring. Third generation storage rings
like the APS maximize X-ray beam quality. The beam was operated in top-up mode. Sulfur
XANES spectra were collected by setting the energy to Sulfurs K-edge energy and collected in
fluorescence mode. Coke samples were finely ground to minus 270 U.S. Standard Mesh or
minus 53 µm. DO samples and coke samples were cut with boron nitride, BN, to reduce sulfur
adsorption to less than 5 %, therefore, eliminating self-adsorption. The DO cut with BN
solidified the sample and both BN cut coke and DO samples were evenly spread onto sulfur free
tape for analysis. Data was processed using Athena® software version 8. Of the samples
analyzed with XANES were; DO_HS_P and DO_LS_P, 4 hydrotreated derivatives of the parent
oils increasing in HDS severity obtained from catalyst_A, and the ten resulting semi-cokes. The
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naming sequence used for hydrotreated derivatives takes into account both temperature and
hydrogen pressure used during HDS. For instance DO_HS_Parent_A_365_1000 is the
hydrotreated high sulfur parent oil that was reacted at 365 °C and 1000psi hydrogen pressure
over catalyst-A.

3.5 1H Nuclear Magnetic Resonance Spectroscopy
The extent of hydrogenation was measured by analyzing the hydrogen functionality with
1

H NMR. Proton NMR data for parent oils, fractionated oils, and HDS products were collected

on a Bruker DRX 400 spectrometer. Featuring a narrow bore 9.4 tesla/400 MHz magnet, an
inverse broadband probe with triple axis gradients, the DRX 400 is optimized for both 1D and
2D experiments. Samples were dissolved in deuterochlorofrom or chloroform-D. High quality
500 MHz NMR tubes were filled with 4cm of prepared sample or roughly 1.5 mL. ChloroformD, CDCl3, purchased from Sigma-Aldrich was rated at 99.8 atom% D. The 0.2 atom% H is
known to have a solvent residual peak of 7.26 ppm. Both the solvent residual peak at 7.26 ppm
and Tetramethlysilane (TMS) peak at 0 ppm were used as internal standards. Data was processed
using Bruker Topinspin 1.3 and 2.1 software.

3.6 Operation of the Laboratory Scale Fixed-Bed Hydrotreater
For hydrodesulfurization experiments, a lab scale fixed-bed flow reactor was used.
Different HDS conditions were used in HDS experiments. Process variables of interest were
catalyst bed temperature, hydrogen pressure, catalyst pore volume, promoter atom, and support
material. The fixed-bed reactor allows for process variables to be individually varied, allowing
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for the effects of operation conditions on HDS product properties to be studied. HDS product
properties of interest are percent sulfur reduction, extent of hydrogenation, and individual
molecular conversions. The hydrodesulfurization reactor configuration is shown in Figure 3.2.

Figure 3.2 Hydrodesulfurization reactor diagram (Wincek, 2013)
The 316 stainless steel reactor measures in with an overall length of 79.4 cm and an
internal diameter of 2.12 cm. The decant oil and hydrogen mixtures traverse through a preheat
coil that wraps the upper length of the reactor before being introduced into the reactor. The
preheat coil along with the upper preheat section of the reactor allow for the reactants to reach
reaction temperature prior to entering the catalyst bed. The reactor preheat zone consists of the
first 34.8 cm of the reactor and was packed with 3 millimeter diameter glass beads. The 34 cm
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long reaction zone immediately follows the preheat zone and consists of equal volumes glass
beads and catalyst. The addition of hydrogen during HDS is an exothermic reaction which can
give rise to increased catalyst bed temperatures above that of what is desired. The bed dilution
helps to reduce the temperature gradient and increases contact efficiency (Wincek, 2013).
The reactor was brought to temperature by housing it inside a 4,520 watt electric furnace
manufactured by Applied Test Systems Incorporated. This furnace can reach temperatures as
high as 1200 oC. A thin hollow stainless steel tube runs though the center of the reactor. A 0.5
mm diameter by 36” long K type thermowell inserted into the tube is able to measure
temperature at any point in the catalyst bed. An additional K type thermowell was used to
measure temperatures outside of the reactor.
Hydrotreater feed was fed to the reactor by a metering pump manufactured by Eldex
Laboratories Incorporated. The pump a model-B reciprocation piston pump is capable of
delivering between 0.2 and 8 milliliter of feed a minute at 5,000 psi with a reproducibility of +/0.3%. The viscosity limit for the pump is 500 cP. The viscosity of DO and hydrotreater feed was
not directly measured but assumed to be well above the 500 cP due to the pumps inability to
pump the unheated feed and based on average BPs-viscosity correlations. A correlation between
average BPs and viscosity was established specifically for decant oil by Escallon (2008) and is
given in Figure 3.3. From the GC simulated distillation data found in section 4.2 the average BPs
of DO_HS and DO_LS are 424 and 430 °C respectively. Correlating to an estimated viscosity of
slightly over 1,000 cP for each oil. Feed oil was heated to 50 °C to lower its viscosity below the
pump limitation of 500 cP. Decant oil viscosity is greatly reduced even with mild temperature
increments due to the large amount of pi electron density. A 250 mL graduated reservoir was
used to gravity feed the heated oil to the pump and to determine the flow rate by taking readings
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over a known period of time. All experiments used a fixed flow rate of 1ml/min which
corresponds to a liquid hourly space velocity of 1.0 h-1.

Figure 3.3 Correlation between average BPs and viscosity at 27 °C (Escallon, 2008)
Hydrogen gas flow rate was fixed at 1000 ml/min for all experiments. Flow rate was
controlled using a model 5850TR mass flow controller manufactured by Brooks Instrument
Company. Hydrogen pressures of 500 psi and 1000 psi were used in the experimental matrix.
Upon exiting the reactor treated feed is cooled using a water cooled heat exchanger before
flowing through the backpressure regulator. The backpressure regulator maintains the constant
pressure in the reactor and can hold pressures constant up to 1500 psi. Upon exiting the regulator
the treated feed is separated into gases and liquids. The gases are vented to the atmosphere while
the liquid products are collected for analysis and coke feedstock.
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3.7 Hydrodesulfurization Catalyst Preparation and Activation
Four catalysts were used in this study, catalyst_A, catalyst_B, catalyst_C, and catalyst_D.
Catalyst_A was supplied by Advanced Refining Technologies. Catalyst_A has an average pore
diameter of 7 nm, it uses gamma alumina as support material and has metal loading of 20.5 wt%
molybdenum trioxide and 4.3 wt% cobalt monoxide. Catalyst_B was prepared to mirror the same
metal loadings on the same support material but with a larger pore diameter. Catalyst_B has an
average pore diameter twice that of catalyst_A at 14 nm. This enables an investigation on the
effects of catalyst support pore size distribution on HDS of DO. Catalyst_C was prepared on the
same support as catalyst_B but loaded with Ni instead of Co as the promoter atom. Catalyst_B
and C only differ in promoter atom and therefore allow the effects of promoter atom on HDS
pathway to be evaluated. Finally catalyst_D was prepared to study the effects of support material
for CoMo based catalyst. Catalyst_D was prepared on anatase TiO2 with 14 nm pores and a
surface area of 150 m2/g, which are the same pore size and surface area of the Al2O3 support used
in catalyst_B and C. The same metal loadings of CoMo were used for both catalyst_B and D,
therefore allowing the effects of support material to be analyzed individually.

3.7.1 Incipient Wetness Impregnation
Gamma alumina support with 14 nm pore diameter was sized down into pellets to have
the same density as catalyst_A. In order to achieve a LHSV of 1.0 h-1 the reactor was packed
with 60 ml of catalyst. 60 ml of catalyst is comprised of 30.1 g alumina support or 39.5 g
titanium oxide support, 8.2 g MoO3 or 5.47 g Mo, and 1.7 g CoO or 1.36 g Co. Metals were
loaded sequentially using metal salt precursors. Ammonium heptamolybdate tetrahydrate,
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(NH4)6Mo7O24∙4H2O, was weighed out to 10.04 g and mixed into a 23.18 or 15.01 ml aqueous
solution. The total pore volume of 30.1 g of alumina with 14 nm pores is 23.18 ml and the total
pore volume of 39.5 g titanium oxide is 15.01 ml. The solution is just enough to fill the pores and
its distribution is aided by the capillary effects caused by adding just enough solution to wet the
internal volume. The solution was added dropwise to the support and continuously stirred. The
impregnated supported was air dried over night at 105 °C. Following drying the catalyst was
then calcined in a box furnace at 430 °C for 3 hrs. Once the catalyst had cooled the procedure
was repeated for the cobalt or nickle metal salt precursor. Cobalt nitrate hexahydrate,
Co(NO3)2∙6H2O), was weighed to 6.59 g and mixed into an aqueous solution of 23.18 or 15.01
ml. Nickel (II) acetate tetrahydrate, C4H6NiO4∙4H2O, was weighed out to 5.73 g and mixed into
an aqueous solution of 23.18 ml. The same drying and calcination steps were followed.

3.7.2 Catalyst Activation
Active HDS catalyst species are metal sulfides. Therefore, the metal oxides needed to be
converted to metal sulfides prior to HDS. MoO3, CoO, and NiO were converted to MoS2, Co9S8,
and Ni9S8 by passing a solution of methyl sulfide, C2H6S, in kerosene over the catalyst bed
(Wincek, 2013). Prior to catalyst sulfiding any moisture in the reactor was removed by passing a
flow of ultra-high purity nitrogen through the reactor while heated to 150 °C. The flow of
nitrogen was then switched to hydrogen at a flow rate of 400 ml/min and pressurized to 450 psig.
The metering pump was used to deliver a 1.5 wt. % sulfur solution of dimethyl sulfide dissolved
in kerosene to the catalyst bed at a 2.0 LHSV. The catalyst bed temperature was increased from
150 to 230 °C at a rate of 28-40 °C per hour. The bed temperature was maintained at 230 °C until
all 200%, 917 ml, of the stoichiometric sulfur had passed through the reactor. The sulfiding step
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takes roughly 8 hours once the sulfiding agent is introduced to the bed, insuring maximum
conversion of active species. If hydrotreating experiments are to follow the catalyst sulfiding
step, the catalyst bed temperature was increased at a rate of 28-40 °C per hour until the operating
temperature is reached. If hydrotreating experiments needed to be suspended after the sulfiding
step, the reactor temperature was reduced to room temperature and caped with ultra-high purity
nitrogen.

3.7.3 HDS Conditions
Temperature, H2 pressure, catalyst pore size, promoter atom, and support material were
varied to evaluate their effects on HDS and extent of HYD on both parent oils and fractioned
oils. The experimental matrix was comprised of two temperatures: 350 °C and 400 °C. Each
temperature was evaluated under H2 pressures of 500 psi and 1000 psi, the range of HDS
conditions cover a wide range from mild to severe conditions. All conditions were evaluated
over both catalyst_A and catalyst_B. A smaller range of conditions were evaluated for
catalyst_C and catalyst_D. The mild (350 °C, 500 psi) and sever conditions (400 °C, 1000 psi)
were selected for catalyst_C and D.
All HDS experiments were maintained at a liquid hour space velocity of 1.0 h-1 and
conducted under steady-state operation. Steady state was determined to be achieved within 2
hours of operation by a previous researcher (Wincek, 2013). Steady state condition was
determined to occur once sulfur concentration in the liquid products became constant. Isothermal
and isobaric conditions must be maintained to avoid ambiguous data. A negative offset current
was applied to compensate for the heat released due to the exothermic HDS reactions.
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3.8 Total Sulfur Analysis
Total sulfur content for parent oils, fractioned oil products, HDS products, and a select
grouping of cokes were analyzed for total sulfur content. A model SC 144-DR sulfur-carbon
analyzer manufactured by Leco Corporation was used to determine sulfur content. The samples
were weighed out to 250 mg and combusted with a combustion aid in a stream of pure oxygen.
The resulting SO2 was measured with a non-dispersive infrared detector.

3.9 Carbonization and Semi-coke Characterization
3.9.1 Carbonization Experiments
Semi-coke production permits the evaluation of the feedstocks relative propensity to yield
anisotropic domains during carbonization. Semi-coke bars were generated from 8 treated DO_LS
samples, 8 treated DO_HS samples, 8 treated DO_LS samples blended with VBs, 8 treated
DO_HS samples blended with VBs, parent oils, VBs from both parent oils, DO_LS, DO_HS, 4
hydrotreated DO_LS_Parent samples, and 4 hydrotreated DO_HS_Parent samples. Treated
DO_LS and DO_HS samples were blended at a 4/1 ratio with their corresponding VBs. The ratio
was selected based on the GC simulated distillation data in good agreement with a mass balance
from vacuum distillation. Tubing reactors were used for the carbonization reactions. The tubing
reactor illustrated in Figure 3.4 has a body with an internal diameter of ½ inch and an internal
volume of 15 ml. All treated samples selected to make coke were treated by either catalyst_A or
B. Hydrodesulfurization products from catalyst_C and D were not selected for coke production.
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Figure 3.4 Tubing reactor used in carbonization experiments
The feed, 4 - 4.5 g, is poured into an aluminum foil tube closed at the bottom and fitted to
the internal diameter of the reactor. The aluminum foil filled with 4.5 grams of feed is inserted
into the reactor and sealed. Before the reactor is plunged into the heated sand bath it must be
purged of oxygen. The reactor was connected to an ultra-high purity nitrogen manifold and
pressurized to first check for leaks and then to purge oxygen. The pressurized nitrogen was
slowly vented to the atmosphere. The reactor was pressurized and slowly vented three times,
ensuring that oxygen was purged out. The reactor valve was then closed and the reactor removed
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from the manifold. The reactors were finally submerged and held stationary in a preheated and
aerated sand bath. Four reactors were submerged into the sand bath at a time. Upon submersion
the preheated sand bath would drop in temperature down to 492 °C and recover to the set
temperature of 500 °C in a minute and a half. After the desired reaction period of five hours the
reactors were rapidly cooled by being quenched in cold water. Once the reactors were cooled the
gases produced during the coking reactions were vented in a fume hood by slowly opening the
reactor valve. Semi-coke bars formed inside the aluminum foil were extruded from the reactor
and carefully unwrapped. The semi-cokes were washed with dichloromethane to remove any
liquid product contained within the coke bar and were to left to dry under a fume hood overnight
before being weighed and prepared for microscopy.

3.9.2 Optical Texture Index
In order to increase the mechanical integrity needed to hold the coke bar in place during
polishing, the coke bars are set in epoxy. A pellet mold 1 inch in diameter was coated with a dry
releasing agent prior to gluing the coke bar longitudinally into the mold cup, notating top and
bottom of the bar. Six parts epoxy resin and one part hardener were well mixed before filling the
mold slightly past the height of the coke bar. The molds were then placed under a high vacuum
for 30 minutes. The vacuum allows the resin to permeate through the sample filling cracks and
pores. Epoxy resin impregnated coke bars were cured at room temperature for 12 hours prior to
removing the briquette for polishing.
Semi-coke polishing was carried out in several stages, first they were mounted into a
pellet holder (Leco VP-160, Leco Inc.) and sanded down using a series of 240, 400, and 600 grit
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sand disk papers. The polishing wheel was used at low, 300 rpm, for 3 minutes during each
polishing stage. During polishing distilled water was used as both a cleaning agent and lubricant.
Between polishing stages the pellets were washed with distilled water and cleared of debris using
ultrasound agitation. Grit paper polishing was then followed by a series of alumina polishing
slurries (0.3 and 0.005 mm particle size) dispersed onto cloth surfaces. Alumina slurry polishing
was conducted for two minutes for each slurry with distilled water and additional slurry added at
the one minute mark. Following polishing the samples were checked for any significant scratches
using a 5 magnification microscope. If significant scratches remained the process was repeated
starting with the 0.3 mm alumina slurry polishing step.
Optical microscopy was used to determine the extent of mesophase development during
carbonization by assessing the presence of anisotropy along with the size and shape of
anisotropic constituents. Evaluation was performed using polarized reflected light microscopy
and a Nikon Microphot-FXAII microscope. A 0.9 mm X 0.8 mm mask with a 5X objective lens
were used to collect surface images, scanning the entire surface. An overall optical texture index
(OTI) was calculated based on the abundance of four different optical textures, see Table 3.2.
The OTI was calculated from Equation-3:
OTI = ∑ fi * OTIi

(3)

Where fi represents the fractional value of the individual texture type from Table 3.2, and OTIi is
the index numerical value assigned to each texture type.

48

Table 3.2 Optical texture index (Eser, 1998)
______________________________________________________________________________
Type of Optical Texture
Size
OTI Index
Mosaic
< 10 μm
1
Small Domain
10-60 μm
5
Domain
> 60 μm
50
Flow Domain
> 60 μm long, > 10 μm wide
100
______________________________________________________________________________
The OTI indices were developed by (Eser, 1998) specifically for the evaluation of needle cokes
since they contain a larger portion of anisotropic areas as compared to metallurgical cokes.
Higher OTI indices are assigned to domains and flow domains.
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Chapter 4
RESULTS AND DISCUSSION

4.1 XANES Identification of Sulfur Functionality Decant Oil and Semi-coke Samples
Several researchers have attempted to identify the sulfur functionality in coke samples
including needle coke and sponge coke. Al-Haj-Ibrahim and Morsi (1992) report that the structure
of organic sulfur compounds in cokes is largely unknown, and no precise analytical methods are
available to determine these structures. However, data from pyroprobe GC/MS and solid state
NMR have lead researchers to believe that all sulfur in needle coke is thiophenic.
X-ray Adsorption Near Edge Spectroscopy (XANES) was used to analyze sulfur
functionalities in semi-cokes and decant oils produced in a previous work (Wincek, 2013). Sulfur
K-edge XANES analysis was carried out on beamline 9-BM-B of the Advanced Photon Source
(APS) at Argonne national Laboratory on the following samples (Wincek, 2013): DO_HS_P and
DO_LS_P, 4 hydrotreated derivatives of the parent oils increasing in HDS severity obtained from
catalyst_A, and the ten resulting semi-cokes. The naming sequence used for hydrotreated
derivatives takes into account both temperature and hydrogen pressure used during HDS. For
instance H-P-A-365-1000 is the hydrotreated high sulfur parent oil that was reacted at 365 °C and
1000 psi hydrogen pressure over catalyst-A. The resulting cokes use the same name sequence but
replace the initial DO designation with Coke. As mentioned it is not clear how sulfur is
incorporated in the coke. For XANES analysis, molecular fingerprinting was used, standards were
characterized and plotted against decant oil and coke data. Mercaptan a C-S-H group is what many
researchers proposed as a possible sulfur functionality in coke, as can be seen in Figure 4.1
mercaptan shown is green is not found in either coke or decant oil.
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Figure 4.1 Mercaptan standard fingerprint plotted against Coke_HS and DO_HS

As seen in Figure 4.1 the sulfur functionality found in decant oil and semi-coke is not in
the form of mercaptan (C-SH). It is also clear from Figure 4.1 that the decant oil and the semicoke derived have identical sulfur functionality with an absorption peak at 2471.5 eV. This
absorption peak is known to be thiophenic. Thiophenic sulfur is the most stable sulfur functionality
found in hydrocarbons and is believed to the only species that can survive the extreme conditions
of the fluid catalytic cracker.
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Figure 4.2 Dibenzothiophene standard fingerprint plotted against Coke and DO_HS_Parent
As expected and shown in Figure 4.2 the thiophenic sulfur functionality found in DBT is an exact
match to the sulfur functionality found in both semi-coke and decant oil samples. These results
verify that decant oil sulfur functionality is thiophenic and sulfur contained in the resulting semicokes does not undergo a functional change. Upon hydrotreatment, even under sever conditions
the sulfur functionality of the treated oils remains thiophenic, as expected and seen in Figures 4.3
and 4.4. It is possible that other sulfur functionalities are present at concentration bellow the
detection limit of 10 ppm.
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Figure 4.3 DO_HS_Parent_A mild to severe hydrotreating conditions

Figure 4.4 DO_LS_Parent_A mild to severe hydrotreating conditions
One point to notice in all figures, Figure 4.1-4.4, is that there appears to be a slight difference
between cokes and DO at about 2481eV. This pattern was present for all ten oils and resulting
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semi-cokes. It appears that some of the sulfur contained in the semi-coke has been oxidized.
Figure 4.5 was normalized using Athena software to contrast this difference.

Figure 4.5 Coke versus DO sulfur oxidation
After normalization the post edge difference at 2481 eV between DO and coke is still observable
and means that coke sulfur has been oxidized. It is possible that sulfur in coke undergoes
oxidation because oxygen can adsorb and diffuse through the solid phase of semi-coke more than
in the liquid phase of decant oil. Support for this assumption is given in Figures 4.6.

54

Figure 4.6 Coke and DO plotted against phenyl methanesulfonate
Figure 4.6 plots coke and DO against phenyl methanesulfonate, a sulfur compound bonded to
three oxygen atoms and a carbon. This type of functionality is not expected since the thiophenic
sulfur is bound to two carbons and won’t form three additional bonds. It does however support
that sulfur in cokes are oxidized where sulfur in DO is resistant to oxidation. It should be noted
that samples analyzed by XANES were obtained by a previous research (Wincek, 2013) and
were stored in air for a few years. The sulfur-oxygen species is more likely to be a thiophenic
sulfone. However additional sulfones were not available as standards during analysis.
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4.2 Simulated Distillation and Vacuum Distillation
The two FCC decant oils were fractionated via vacuum distillation as described in Section
3.1. A material balance from the three fractions obtained by GC Simulated Distillation and a
mass balance is given in Table 4.1. The middle fraction cut points were selected to yield a
fraction rich in 4-5 member PAHs. After hydrotreating the middle factions (DO_HS and
DO_LS) they were blended back with their VBs at a ratio of 4 to 1 respectively. VBs are
comprised of highly substituted 5-member PAHs along with 6-member PAHs and larger. This
coker feed comprises the compounds that are likely to make coke in a commercial delayed coker.
The coker feed was selected to conserve the amount of hydrogen consumed, by distilling off the
light ends that don’t have a large contribution to coke yield, and conserving the VBs which have
been shown to have a high rate of carbonization and mesophase development (Wang, 2005).
Table 4.1 Material balance of fractions from vacuum distillation and GC Sim Dis
Fraction

DO_HS
_____________________
Distillation % GC Sim Dis %
Light Ends (BP <385 °C)
32
35
Middles (385 °C<BP<490 °C)
53
54
VBs (BP>490 °C)
15
11

DO_LS
______________________
Distillation % GC Sim Dis %
23
20
58
62
19
18

GC Simulated distillation as described in Section 3.2 was used to evaluate the separation
efficiency from vacuum distillation. The GC Sim Dis chromatographs from DO_HS_P and
DO_LS_P are given in Figures 4.7 and 4.8 respectively.
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Figure 4.7 GC Sim Dis chromatograph DO_HS_Parent

Figure 4.8 GC Sim Dis chromatograph DO_LS_Parent
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As displayed in Table 4.1 the actual material balance from vacuum distillation and the data from
GC Sim Dis are in accord with one another. This data confirms that vacuum distillation achieved
a high degree of separation.

4.3 Catalyst Performance and Activity
4.3.1 Hydrogenation Analysis as Measured by Increase in Hydroaromatic 1H NMR Signal
1

H NMR spectroscopy provides quantitative information on the abundance of aromatic

hydrogen and aliphatic hydrogen and has been widely used to characterize petroleum since its
inception in 1958. Because of the extreme molecular complexity of DO signal overlap cannot be
avoided. Therefore, individual compound identification is not possible for complex hydrocarbon
samples. However, the signals fall into compound classes such as hydroaromatics which are of
interest when measuring the extent of HYD and are observed to have chemical shifts between
1.7-1.9 ppm. By analyzing samples both before and after HDS the total extent of hydrogenation
can be determined. The various chemical shifts found in DO are given in Table 4.2.

Table 4.2 1H NMR functional group assignment for DO (Rodriguez et al., 1994)
Chemical shift (ppm)

Functional Group

0
TMS
0.5-1.1
CH3 γ to the ring or further, or paraffinic
1.1-1.7
CH2 β and CH3 β
1.7-2.0
Hydroaromatic
2.0-2.4
CH3 α to the ring
2.4-3.5
CH, CH2, α to the ring
3.5-4.5
CH2 α to 2 rings (bridge) and or heteroatoms
4.5-6.0
Olefinic
6.0-9.3
Aromatics increasing in ring size
______________________________________________________________________________
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Figure 4.9 Hydrogen functionality of 1H NMR decant oil spectra

Figure 4.9 provides a visual aid for the hydrogen functionality assignments given in Table 4.2.
The peak at 1.59 ppm is from water that was found in the deuterated chloroform solvent. The
solvent spectra is given in Appendix C. The peak at 5.29 ppm is contamination from
dichloromethane. Dichloromethane was used as a cleaner and its appearance in the oil is not
surprising. A solvent peak from the 0.2 atom % chloroform that was not deuterated is present at
7.26 ppm. The solvent peak together with tetramethylsilane at 0 ppm act as the internal
standards. The functional group assignments in Table 4.2 are modified from an NMR study of
decant oil by Rodriguez et al., (1994) and are in good agreement with assignments from (Snape
et al., 1983; Altgelt and Boduszynski, 1994). The hydrogen peaks from untreated parent oils
show that hydrogen aromaticity (6.0-9.3 ppm) in DO_LS_P is 23% and that of DO_HS_P is
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29%. Both oils have similar amounts of methyl group substitutions on the aromatic rings. Parent
oil shows negligible amounts of hydroaromatic content, but the resolution is not baselineresolved between the functional group changes at 1.7 ppm. The middle fractions of DO have
very similar spectra as there corresponding parent oils. There is no peak for oxygenated
hydrocarbons in the spectra of parent oils or vacuum distillation fractions. All hydrotreated
samples were analyzed using 1H NMR to measure HYD. The naming sequence of samples is
similar to what was used in section 4.1 but now also accounts for the catalyst type. For instance
L-B-350-1000 is hydrotreated DO_LS at a temperature of 350 °C, hydrogen pressure of 1000
psi, and over catalyst_B. Hydroteated parent oils are designated with a P within the naming
scheme. The hydroaromatic signal and signal increase for all treated samples are given in Table
4.3. The top section in Table 4.3 is the signal from the hydroaromatic region for untreated
samples.
Temperature does not appear to have any significant effect on extent of HYD. An
increase in temperature from 350 °C to 400 °C, for example does not greatly change the extent of
hydrogenation. From Figures 4.10-4.13 it can been seen that HYD extent is nearly the same
when temperature is the only variable changed.
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Table 4.3 HYD extent as measured by 1H NMR signal increase from 1.60-2.0 ppm
Sample
DO_HS_P
DO_HS

Sample
Temperature
DO_LS_P
350
DO_LS_P
400
DO_LS_P
350
DO_LS_P
400

Signal % 1.70-2.0 ppm
4.05
4.17

DO_LS_P
DO_LS
Pressure Catalyst
500
A
1000
A
500
B
1000
B

5.01
5.34
Signal % 1.70-2.0 ppm
9.79
11.72
8.35
9.99

Signal Increase
4.78
6.71
3.34
4.98

DO_HS_P
DO_HS_P
DO_HS_P
DO_HS_P
DO_HS_P
DO_HS_P
DO_HS_P
DO_HS_P

350
400
350
400
350
400
350
400

500
1000
500
1000
500
1000
500
1000

A
A
B
B
C
C
D
D

8.91
11.48
7.22
9.09
7.15
9.02
6.52
8.04

4.86
7.43
3.17
5.04
3.10
4.97
2.47
3.99

DO_LS
DO_LS
DO_LS
DO_LS
DO_LS
DO_LS
DO_LS
DO_LS
DO_LS
DO_LS

350
350
400
400
350
350
400
400
400
400

500
1000
500
1000
500
1000
500
1000
1000
1000

A
A
A
A
B
B
B
B
C
D

9.44
12.20
9.22
11.88
8.47
11.29
8.21
10.96
10.77
9.63

4.10
6.86
3.88
6.54
3.13
5.95
2.87
5.62
5.43
4.29

DO_HS
DO_HS
DO_HS
DO_HS
DO_HS
DO_HS
DO_HS
DO_HS
DO_HS
DO_HS

350
350
400
400
350
350
400
400
400
400

500
1000
500
1000
500
1000
500
1000
1000
1000

A
A
A
A
B
B
B
B
C
D

9.26
13.01
8.97
12.08
7.93
11.91
7.75
11.60
11.48
10.28

5.09
8.84
4.80
7.91
3.76
7.74
3.58
7.43
7.31
6.11
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Figure 4.10 1H NMR spectra of H-A-400-500 laid over H-A-350-500
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Figure 4.11 1H NMR spectra of H-A-350-1000 laid over H-A-400-1000

Figure 4.12 1H NMR spectra of L-A-350-1000 laid over L-A-400-1000
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Figure 4.13 1H NMR spectra of L-B-350-500 laid over L-B-400-500

The spectra displayed in Figures 4.10-4.13 show that temperature, at least in the operating range
of this thesis study, does not affect HYD significantly. As discussed in Section 2.4.4 high
temperature HDS appears to favor the direct desulfurization route. As reported by Mochida et al.
(2013) HDS of DBT is largely though the HYD pathway when operated at temperature below
330oC. The trend of temperature not largely affecting HYD is prevalent for both catalyst_A and
catalyst_B, all oil feeds, both parent and fractionated, and under both operating pressures.
However, when pressure is varied and all other operating conditions held constant the extent of
HYD is increased as displayed in the Figures 4.14-4.16.
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Figure 4.14 1H NMR spectra of H-A-350-500 laid over H-A-350-1000
Hydrogenation of DO_HS when treated at 350 °C over catalyst_A shows a significant increase
in HYD when pressure is increased from 500 to 1000 psi as displayed in Figure 4.14. This
increase in hydroaromatic content is found between 1.7-2.0 ppm. The increase in hydroaromatics
is directly related to the decrease in total aromatic hydrogen content, i.e., hydrogenation of
aromatic rings.

Figure 4.15 1H NMR spectra of H-A-350/400-500/1000
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The four spectra in Figure 4.15 from DO_HS_A can be divided into two regions of HYD. The
two spectra with high hydroaromatic content belong to the samples treated at 1000psi. These
differences are displayed better by zooming in on the chemical shift between 1.7-2.0 ppm.

Figure 4.16 1H NMR of H-B-350/400-500/1000

As displayed in the four spectra of DO-HS-B in Figure 4.16 the trend of increasing pressure
resulting in more HYD is apparent. From the zoomed region in Figure 4.16 it is interesting to
note that the samples treated at 400 °C show less HYD that the same samples treated at 350 °C.
This is in line with studies of HDS on DBT by Mochida et al., (2013). This observation is not
readily apparent when viewing whole range of spectra. The trend of increasing temperature
actually reducing HYD is also apparent for catalyst_A when the hydroaromatic chemical shift is
zoomed in as in Figure 4.17.
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Figure 4.17 1H NMR spectra L-A-350/400-500/1000

Figure 4.17 displays that an increase in temperature from 350 °C to 400 °C suppressed
hydrogenation.
HYD extent can also be inferred from comparing hydrogen uptake using a
Carbon/Hydrogen/Nitrogen analyzer. Both Wincek (2013) and Tanabe et al. (1996) employed
this technique on hydrotreated decant oils and both found that a reduction in hydrogen uptake
occurred at their higher operating temperatures. As can been seen from the spectra displayed in
Figures 4.10-4.17 only the fractions treated with catalyst_A and B are given to show the effects
of temperature and pressure on HYD extent. This is because temperature and pressure were not
isolated for samples obtained from catalyst_C and D. Fractions treated with catalyst C and D
employed only the mild (350 °C, 500 psi) and severe conditions (400 °C, 1000 psi). However, it
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can be inferred from the mild to the severe treatment conditions that these samples follow the
same trend as can been seen in Appendix B and Table 4.3.
Another variable that affects hydrogenation relates to the difference in pore size between
catalyst_A and B and the related data is displayed in Figures 4.18 and 4.19.

Figure 4.18 1H NMR spectra of L-A/B-350-500/1000

As seen in Figure 4.18, the large pore sizes of catalyst_B reduced the HYD extent as compared
to that obtained from catalyst_A with smaller pore sizes. The catalyst pore size controls how
easily reactants can enter into the interior surface of the catalyst and their rate of diffusion
through the pores. Both catalyst A and B have unimodal and narrow size distribution making the
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examination of pore size effects unbiased. Catalyst_B had a lower HYD extent on all
hydrotreated feeds compared to that obtained with Catalyst A.

Figure 4.19 1H NMR spectra of H-A/B-350/400-500/1000

The next catalyst property to be analyzed for HYD extent is that of promoter atom. As
discussed in Section 2.4.3, it is widely believed that using Ni instead of Co as a promoter for
Mo/alumina systems will lead to a further HYD extent. However, due to contradicting results
found in the literature for HDS of LCO, the promoter effects have been analyzed here and are
given in Figures 4.20-4.23.
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Figure 4.20 1H NMR spectra of H-B-400-1000 laid over H-C-400-1000

Figure 4.21 1H NMR spectra of H-P-B/C-400-1000
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Figure 4.22 1H NMR spectra of L-B/C-400-1000 laid over untreated DO_LS

Figure 4.23 1H NMR spectra of H-P-B/C-350-500
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From Figures 4.20 and 4.21 the HYD activity appears to be similar for catalyst_B
(CoMo/alumina) and catalyst_C (NiMo/alumina). In Figure 4.22 the HYD extent of the Co
promoted catalyst is slightly greater than that of the Ni promoted catalyst, this is more noticeable
in the late end of the hydroaromatic chemical shift between 1.9 and 2.0 ppm. A more noticeable
HYD activity of Co over Ni is seen Figure 4.23. Figure 4.23 contains spectra from HDS products
obtained from treatment under mild conditions
The final variable of interest in regard to HYD activity is that of the support material. As
expected from the evidence given in Section 2.4.4, catalysts supported on TiO2 have decreased
HYD activity as compared to those supported on alumina. This is what was observed and is
displayed in the spectra given in Figures 4.24 to 4.26.

Figure 4.24 1H NMR spectra of H-P-A/B/C/D-400-1000

72

Figure 4.25 1H NMR spectra of L-A/B/C/D-400-1000 laid over untreated DO_LS

Figure 4.26 1H NMR spectra of H-A/B/C/D-400-1000
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The total extent of HYD increases for catalysts in the order of D>C>B>A. The promoter
atoms Ni and Co appear to have almost identical HYD activities under severe HDS conditions
and Co shows slightly higher activity under mild HDS conditions. Catalyst_D which uses TiO2
as support material has the lowest HYD activity and is in accord with the studies cited in section
2.4.4. Catalyst_A has the highest HYD activity. Catalyst A may show a higher HYD activity due
to a higher overall activity because of active site dispersion and not due to slow diffusion
because of small pore size. To better analyze the catalysts activity towards HYD as compared to
DDS, a ratio of HYD to total sulfur reduction is analyzed. Table 4.3 provides quantitative HYD
extent and Table 4.4 provides total sulfur reduction and sulfur wt. %. Quantitative HYD results
were produced by integrating under the curves and determining the total signal from the
hydroaromatic region of 1.7-2.0 ppm.
As previously mentioned the middle fractions have very similar spectra as their parent
oils with similar hydrogen functionalities. This observation is not surprising since petroleum
fractions are often found in a continuum of their chemical constitution. This is no different when
comparing the total signal from 1.7-2.0 ppm between parent oils and middle fractions as shown
in the top of Table 4.3. The slight increase in signal from the middles in this region maybe from
a higher hydroaromatic content suggesting that hydroaromatics are more prevalent in 4-5
member PAHs than that of 2-3 member PAHs and or an increase in CH2 bridges to
hydroaromatics. The region of interest 1.7-2.0 ppm is not exclusively comprised of
hydroaromatics but is a combination of hydroaromatics and to a lesser extent CH2 bridges
between hydroaromatics. Both hydrogen functionalities are representative of an increase in HYD
and, therefore, their presence is directly related to HYD. It is unlikely that CH2 bridges to

74

hydroaromatics are produced during HDS via carbon skeleton rearrangement but rather by the
reduction of aromatics held together by a CH2 bridge.
Also displayed in Table 4.3 is the trend that increasing hydrogen pressure increases HYD
and that increasing temperature suppresses HYD. Since only mild (350 °C and 500 psi) and
severe (400 °C and 1000 psi) conditions were used to evaluate parent oils and catalysts C and D,
temperature and pressure effects were not isolated and, therefore, this trend can not be confirmed
for these samples.

4.3.2 Total Sulfur Reduction
Total sulfur content was determined for untreated parent oils, untreated fractions, and
treated oils. Samples were analyzed on a Leco 144 SC analyzer as described in Section 3.7. The
error of measurements is within a hundredth of a weight percent. Sulfur and other heteroatoms
have a tendency to concentrate in the heavier ends of petroleum fractions. This is the case for the
low sulfur DO but the high sulfur DO has a maximum sulfur concentration in the middle
fraction. It is likely that DO_HS_P is not a true DO straight from an FCC but rather a blend of
DOs. The parent oils were characterized using GC/MS (Wincek, 2013) and both oils have less
than 1 wt. % paraffinic content. It is unlikely that unprocessed DO would contain such a low
concentration of paraffins. The paraffins may have been previously distilled off because they are
readily thermally cracked and result in poor mesophase development when in high enough
concentrations. From the unusual sulfur distribution in distilled fractions and the low paraffinic
content, one can be assume that neither of these DOs are straight from the FCC.
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Table 4.4 Sulfur content (wt. %) of decant oil samples and their fractions
High Sulfur Oil Sulfur wt. %
Low Sulfur Oil Sulfur wt. %
Parent Light-Fraction Middle-Fraction VB
Parent Light-Fraction Middle-Fraction VB
2.51
2.19
2.85
1.98
0.94
1.06
0.87
1.05
Sample
Temperature
Pressure
Catalyst
Sulfur wt. % ± 0.01 %-Sulfur Reduction
DO_LS_P
350
500
A
0.32
66.0
DO_LS_P
400
1000
A
0.11
88.3
DO_LS_P
350
500
B
0.45
52.1
DO_LS_P
400
1000
B
0.29
69.1
DO_HS_P
350
500
A
0.70
72.1
DO_HS_P
400
1000
A
0.22
91.2
DO_HS_P
350
500
B
0.79
68.5
DO_HS_P
400
1000
B
0.30
88.0
DO_HS_P
350
500
C
0.86
65.7
DO_HS_P
400
1000
C
0.41
83.7
DO_HS_P
350
500
D
0.59
76.5
DO_HS_P
400
1000
D
0.14
94.4
DO_LS
350
500
A
0.26
70.1
DO_LS
350
1000
A
0.39
55.2
DO_LS
400
500
A
0.07
92.0
DO_LS
400
1000
A
0.04
95.4
DO_LS
350
500
B
0.39
55.2
DO_LS
350
1000
B
0.38
56.3
DO_LS
400
500
B
0.18
79.3
DO_LS
400
1000
B
0.17
80.5
DO_LS
400
1000
C
0.19
78.2
DO_LS
400
1000
D
0.02
97.7
DO_HS
350
500
A
0.41
85.6
DO_HS
350
1000
A
0.52
81.8
DO_HS
400
500
A
0.19
93.3
DO_HS
400
1000
A
0.11
96.1
DO_HS
350
500
B
0.44
84.6
DO_HS
350
1000
B
0.43
84.9
DO_HS
400
500
B
0.23
91.9
DO_HS
400
1000
B
0.20
93.0
DO_HS
400
1000
C
0.27
90.5
DO_HS
400
1000
D
0.07
97.5
VB_LS
VB_LS
VB_LS
VB_LS
VB_HS
VB_HS
VB_HS
VB_HS

350
400
350
400
350
400
350
400

500
1000
500
1000
500
1000
500
1000

A
A
B
B
A
A
B
B

0.46
0.30
0.49
0.28
0.69
0.43
0.74
0.45
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From the data it is seen that the middle fractions are far more active towards
desulfurization than the parent oils. This maybe because the PASHs in the middle fraction such
as 4 member benzonaphthothiophenes and 5 member PASHs are readily desulfurized were the di
and tri-methyl DBTs are more refractory. Additionally, limited activity of the largest PASHs
may reduce overall HDS. Since VB sulfur wt. % was recorded via treatment followed by
distillation rather than direct treatment of the VBs it is impossible to calculate the total sulfur
reduction from these samples. However, it can be inferred that the largest PASHs are difficult to
desulfurize by comparing untreated VB sulfur wt. % with that of the treated VBs.
The effects of temperature and pressure are isolated in DO_LS and DO_HS samples
treated with catalyst_A and catalyst_B. As the data shows an increase in only temperature from
350 to 400 °C results in a greater sulfur reduction in all cases. The effect of increasing only
hydrogen pressure from 500 to 1000 psi is not as clear. In the case of catalyst_A both DO HS
and LS show less sulfur reduction when the pressure in increase from 500 to 1000 psi while
maintaining a temperature of 350 °C. When the temperature is held at 400 °C the pressure
increase does slightly increase sulfur reduction of samples from catalyst_A. The larger pore size
CoMo/alumina, catalyst_B, shows identical sulfur reductions from the pressure increase at both
operating temperatures. It would appear that when pore diffusion is not a factor an increase in
pressure above 500 psi is not a contributing factor to total desulfurization.
A central focus of this thesis was the possibility of selectively removing sulfur that tends
to be retained in the resulting coke. Sulfur compounds likely to get incorporated into the coke are
the larger sulfur containing compounds like the ones found in the middle fractions and VBs. The
larger pore size of catalyst_B was initially thought to be more effective towards the HDS of these
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larger compounds than that of small pore size catalyst_A. In the case of the parent oils
catalyst_A showed significantly higher desulfurization rates than catalyst_B. The middle fraction
results were closer but catalyst_A was again better except for at conditions of 350 °C and 1000
psi where the sulfur reduction for catalyst_A decreases with pressure. To evaluate the sulfur
reduction on VBs treated parent oils were vacuum distilled and the treated VBs with BPs above
490 °C were collected and analyzed. VBs obtained from vacuum distillation prior to HDS
treatment were not hydrotreated due to their high melting points and inability to flow through the
HDS reactor. The VBs represent the largest sulfur containing compounds which are most likely
to have pore diffusion limitations. Sulfur content in the VBs from both catalyst A and B were
nearly identical. It is shown from the HYD and total desulfurization data that catalyst_A is more
active than catalyst_B. The higher activity is most likely due to an increase in active site
dispersion. This is a logical assumption considering catalyst_A was prepared using proprietary
technology by Advanced Refining Technology, a joint venture between Chevron and Grace.
Where catalyst_B was prepared in the laboratory using simple incipient wetness impregnation.
Therefore, since catalyst_B was just as active as catalyst_A for reduction of the largest sulfur
compounds it can be inferred that the smaller pores do limit pore diffusion and the resulting
desulfurization.
Four samples were collected from catalyst_C. A mild treatment of DO_HS_P and severe
treatment of DO_HS_P, DO_HS, and DO_LS. Catalyst_C differs from catalyst_B only by use of
Ni as the promoter atom instead of Co. In comparison to all four sample collected from
catalyst_C the corresponding samples from catalyst_B have a higher sulfur reduction. Another
key focus of this thesis research aside from selectively removing sulfur compounds likely to get
incorporated into the coke is to do so with limited HYD. Therefore, a higher overall sulfur
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reduction alone does not make catalyst_B better than catalyst_C for this application. The desired
catalyst will have a higher ratio of desulfurization to HYD. The same four samples collected
from catalyst_C were also collected using catalyst_D. Catalyst_D out performed all other
catalyst in both total desulfurization and reduction in HYD, as presented in the next section.

4.3.3 Ratio of Sulfur Reduction to Hydrogenation
If a PAH is totally hydrogenated during HDS the resulting naphthenic compound will
have a 1H NMR signal between 1.6-2.0 ppm as reported in the literature (Fluid Catalytic
Cracking, 2011). Therefore, the majority of naphthenic content should have been measure in
Table 4.3 which analyzed signal increase between 1.7-2.0 ppm. However, Rodriguez et al.,
(1994) reported that the naphthenic signal can start as early as 1.4 ppm. The latter is more logical
because it is expected that a naphthenic compound would have a smaller chemical shift
compared to a hydroaromatic. A very small increase in signal, less than a percentile, was
observed between 1.1-1.6 ppm (aliphatic CH3 or CH2 attached β to the ring and naphthenic
compounds) for treated samples and, suggesting an increase in naphthenic content. There was no
recognizable increase in signal between 0.5-1.1 ppm (aliphatic CH3 or CH2 attached γ or further
to the ring and paraffinic compounds). It can, therefore, be inferred that hydrocracking was not
prevalent during the hydrotreatment of samples.
The data presented in Section 4.3.1 provides a good estimate of hydrogenation extent.
However, due to the uncertainty in the chemical shift of naphthenic compounds, a better way to
determine hydrogenation extent is to directly measure the reduction of the aromatic hydrogen.
This approach assumes that the observed decrease in aromatic hydrogen content comes solely
from hydrogenation of the aromatic rings. It has been observed that the decrease in aromatic
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signal is largely accounted for by the increase in the hydroaromatic signal. For instance the total
signal loss from the aromatic region of H-P-A-350-500 is 5.25 % while the hydroaromatic region
increases by 4.86 % of the total signal. Therefore, 92 plus % of the hydrogenated aromatics end
up in the hydroaromatic region. The remaining hydrogenated product is most likely in the form
of naphthenic structures and observed by the small signal increase between 1.1-1.6 ppm. A
similar correlation exists for all sample as can be determine from Tables 4.3 and 4.5. Table 4.5
provides the aromatic signal decrease and total sulfur reduction as a means of evaluating the
catalyst performance. The conditions and catalyst that maximize direct desulfurization (DDS)
and minimize hydrogenation (HYD) extent are desired. Table 4.5 provides the SR/HYD ratio
where SR is the total sulfur reduction in wt. % and HYD is the hydrogen aromatic signal
decrease % as measured by 1H NMR. The hydrogen aromatic signal decrease was compared to
the carbon aromatic signal decrease with 13C NMR and was in good accord. Spectra from 13C
NMR for H-P-A-400-1000 and H-P-B-400-1000 are given in Appendix C.
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Table 4.5 Sulfur reduction and HYD extent ratio (SR/HYD) in hydrotreated samples
Sample
Aromatic Signal % (6.0-9.3 ppm)
DO_HS_P
29.0
DO_HS
28.1
DO_LS_P
23.2
DO_LS
22.3
Sample
Aromatic Signal Decrease %
Sulfur Reduction % Ratio SR/HYD
DO_HS_P_A_350_500
18.1
72.1
3.98
DO_HS_P_B_350_500
13.4
68.5
5.11
DO_HS_P_C_350_500
13.1
65.7
5.02
DO_HS_P_D_350_500
10.8
76.5
7.08
DO_HS_P_A_400_1000
DO_HS_P_B_400_1000
DO_HS_P_C_400_1000
DO_HS_P_D_400_1000

27.8
19.6
19.4
14.7

91.2
88.0
83.7
94.4

3.28
4.49
4.31
6.42

DO_LS_P_A_350_500
DO_LS_P_B_350_500
DO_LS_P_A_400_1000
DO_LS_P_B_400_1000

22.7
16.9
30.5
24.4

66.0
52.1
88.3
69.1

2.91
3.08
2.90
2.83

DO_LS_A_350_500
DO_LS_B_350_500
DO_LS_A_350_1000
DO_LS_B_350_1000
DO_LS_A_400_500
DO_LS_B_400_500
DO_LS_A_400_1000
DO_LS_B_400_1000
DO_LS_C_400_1000
DO_LS_D_400_1000

20.1
15.0
32.3
29.7
19.6
14.5
31.7
27.4
27.1
22.3

70.1
55.2
55.2
56.3
92.0
79.3
95.4
80.5
78.2
97.7

3.48
3.68
1.71
1.90
4.69
5.47
3.01
2.94
2.89
4.38

DO_HS_A_350_500
DO_HS_B_350_500
DO_HS_A_350_1000
DO_HS_B_350_1000
DO_HS_A_400_500
DO_HS_B_400_500
DO_HS_A_400_1000
DO_HS_B_400_1000
DO_HS_C_400_1000
DO_HS_D_400_1000

20.0
14.8
33.7
30.6
18.4
14.1
30.9
28.8
28.3
24.4

85.6
84.6
81.8
84.9
93.3
91.9
96.1
93.0
90.5
97.5

4.28
5.72
2.43
2.77
5.07
6.52
3.11
3.23
3.20
4.00
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The fourth column in Table 4.5 is a ratio of total sulfur reduction over aromatic signal
decrease (SR/HYD). Aromatic signal decrease is measured by integrating under the NMR
spectra in the aromatic region of 6.0-9.3 ppm. The higher the SR/HYD ratio, the more selective
the catalyst is to the DDS pathway. Although catalyst_A has a high activity, it generally gives
the lowest SR/HYD ratio except for samples treated at 400 °C and 1000 psi. As previously
determined by its superior performance, catalyst_D provides by far the highest sulfur reduction
selectivity of any catalyst. It is believed that a fraction of Ti4+, the naturally species of Ti in TiO2,
is reduced under reaction conditions to Ti3+. When in intimate contact with the MoS2 slabs the
excess electron in Ti3+ can be injected into to Mo 3d conduction band (Ramírez et al., 2004). The
charge transfer displayed in Figure 2.10 shows how sulfur vacancy active sites are produced
through the electronic charge transfer. Even though TiO2 support material has been developed
with surface areas comparable to Al2O3, its use as a hydrodesulfurization catalyst carrier has not
been widely employed due to the inferior mechanical integrity of TiO2 compared to that of Al2O3.
For the case of the Ni promoted catalyst_C, its SR/HYD ratio is slightly less than that of the Co
promoted catalyst_B in all direct comparisons. The Ni catalyst has similar hydrogenation extents
but appreciably less sulfur reduction than that of the Co catalyst. Therefore, excluding TiO2 and
focusing on the three catalysts supported on alumina, catalyst_B has the highest SR/HYD ratio.

4.4 Semi-coke Characterization
4.4.1 Semi-Coke Sulfur Content
Selected samples of semi-cokes produced by carbonization of decant oils, fractions, and
hydrotreated products were analyzed for total sulfur content. The results from total sulfur
analysis are given in Table 4.6, including untreated middles (DO_LS and DO_HS), untreated
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vacuum bottoms from distillation (VB), untreated parent oils (DO_HS_P and DO_LS_P), and a
selected group of hydrotreated samples from catalyst A and B. Semi-coke samples were
combusted with aid of vanadium pentoxide to ensure that all sulfur was liberated from the solid
coke matrix. Sulfur content of coke is not as reproducible as that measured for the liquid samples
combusted without the addition of vanadium pentoxide. Duplicate analysis showed that the
reproducibility of measurements was within ± 0.01 wt. % for liquid samples and ±0.03 wt. % for
semi-coke samples.

Table 4.6 Sulfur content (wt. %) liquid feed and semi-coke samples
Sample
DO_HS
DO_LS
DO_HS_P
DO_LS_P
VB_HS
VB_LS

Liquid Feed Sulfur wt. %
2.85 ± 0.01
0.87 ± 0.01
2.51 ± 0.01
0.94 ± 0.01
1.98 ± 0.01
1.05 ± 0.01

Semi-coke Sulfur wt. %
2.97 ± 0.03
0.95 ± 0.03
2.48 ± 0.03
0.96 ± 0.03
2.21 ± 0.03
1.10 ± 0.03

DO_HS_A_350_1000
DO_HS_B_350_1000

0.52 ± 0.01
0.43 ± 0.01

0.56 ± 0.03
0.49 ± 0.03

DO_HS_P_A_350_500
DO_HS_P_B_350_500
DO_LS_P_A_400_1000
DO_LS_P_B_400_1000

0.70
0.79
0.11
0.29

0.79
0.75
0.15
0.29

± 0.01
± 0.01
± 0.01
± 0.01

± 0.03
± 0.03
± 0.03
± 0.03

The sulfur contents of semi-cokes from parent DOs are similar to those of the
corresponding liquid feed. The increase in coke sulfur from middles fractions (DO_HS and
DO_LS) and vacuum bottoms (VB_HS and VB_LS) suggests that large sulfur compounds found
in these fractions are incorporated into the semi-coke in larger proportions. The increase in coke
sulfur from treated middle fractions is also apparent form (DO_HS_A_350_1000 and
DO_HS_B_350_1000). Of most interest is the different behavior of sulfur content in semi-cokes
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from parent oils treated with catalyst A and B. Semi-cokes made from parent oils treated over
catalyst_B show a slight decrease in sulfur compared to that of the feed whereas semi-cokes
from the oils treated with catalyst_A have a higher sulfur content than the feed. As shown from
the sulfur reduction data in Table 4.4, catalyst_B has an increased activity toward larger sulfur
compounds and is shown here in Table 4.6 to selectively remove sulfur that would have been
incorporated into the coke. In contrast, catalyst_A has a higher activity towards smaller
compounds that are less likely to get incorporated into the coke and more likely to end up in the
coker gas oil.

4.4.2 Semi-coke Yield
Untreated and treated samples collected from reactions with catalyst A and B were
carbonized isothermally at 500 °C for 5 hours to evaluate effects of HDS on resulting mesophase
development and semi-coke yield. Semi-coke yields in wt. % of the feed material for different
samples are given in Table 4.7. The first column in Table 4.7 designates the feed and conditions
used during hydrotreating. The first two rows are coke yields from untreated samples and the
final column for the first two rows are the yield from carbonization of pure VBs. The second
column represents the parent oil samples, the third is the middle fraction, and the last column is
treated middles blended back with VBs at a ratio of 4:1. Semi-coke yields were determined by
weighing the semi-coke after washing in dichloromethane to remove any residual oils and then
allowing them to dry overnight. All semi-coke sample were made in duplicate and yields were
averaged. Yields may vary by up to 2 wt. %.
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Table 4.7 Coke yields wt. % by feedstock
Parent oils and
Sample
Treated parent oils
LS
49.1%
HS
44.5%
LS_A_350_500
LS_B_350_500
LS_A_400_500
LS_B_400_500
LS_A_350_1000
LS_B_350_1000
LS_A_400_1000
LS_B_400_1000

43.8%
47.3%

HS_A_350_500
HS_B_350_500
HS_A_400_500
HS_B_400_500
HS_A_350_1000
HS_B_350_1000
HS_A_400_1000
HS_B_400_1000

40.6%
41.7%

Middles and
Treated Middles
49.8%
44.3%

38.0%
42.1%

32.4%
38.3%

Treated Middles
Blended with VTBs
64.7%
63.8%

43.6%
45.3%
43.9%
44.8%
36.3%
38.7%
37.4%
39.8%

49.4%
53.6%
47.2%
47.9%
46.1%
48.5%
41.3%
42.9%

40.5%
41.2%
45.1%
46.3%
29.8%
35.9%
30.3%
37.8%

48.0%
53.1%
48.2%
50.3%
34.9%
43.5%
34.7%
44.4%

In the manufacture of needle coke a large coke yield is desired. Semi-coke yields between parent
oils and middle fractions are nearly the same. The VBs, as expected, due to their high molecular
weight and low volatility produce the largest semi-coke yield. Hydrotreating DO results in a
decreased coke yield and appears to be dependent on HYD as displayed for DO_LS and DO_HS
in Figures 4.27 and 4.28 respectively. Where HYD is measured as hydrogen aromatic signal
decrease from Table 4.5, the trend shows that coke yields decrease with increasing HYD.
Catalyst_B which has the higher DDS/HYD ratio results in a slightly higher semi-coke yield.
However, the increased yield from catalyst_B falls within the potential error for most
comparisons as displayed in Figures 4.27 and 4.28.
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Figure 4.27 Coke Yield and HYD of DO_LS_A/B
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Figure 4.28 Coke yield and HYD of DO-HS_A/B
Semi-coke yield form oils treated with catalyst A are show in blue in Figures 4.27 and 4.28
above and are slightly less than the semi-coke yield from oils treated over catalyst B (grey). This
is a direct result of catalyst A having a higher HYD activity (orange) than catalyst B (yellow).
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Coke yields were increased by blending treated oils back with untreated VBs at a ratio of
4:1. The naming scheme of the resulting coke adds a 0.8 to the usual name which represents that
the named oil is 80% and the remainder is VB. The blend ratio was selected based on a mass
balance from distillation and the GC SimDis results as discussed in Section 4.2. The coke yield
from the blends are greater than the linear combinations of the treated oils and VBs. For instance
0.8-H-A-350-500 yields 48 wt. % coke. Yields for the VB_HS and H-A-350-500 are 63.8 and
40.5 wt. % respectively. A linear combination at 80 wt. % oil and 20 wt. % VB would have
resulted in a coke yield of 45.4 wt. %. Therefore, the incorporation of the large VB compounds
must react with the lighter compounds from the treated oils that may have escaped mesophase
and ended up in the liquid product without VB addition. It was demonstrated by Wang (2005)
that VBs have a high rate of carbonization and produced a well-developed mesophase.
Therefore, by adding in VB the rate of mesogen formation is increased and lighter compound are
incorporated into the resulting mesophase before evaporating out of the reaction medium.
The scheme of hydrotreating only the middle fractions and then blending the treated
middle fractions back with VBs serves two purposes: First the process conserves valuable
hydrogen by treating a smaller volume of oil (middle fraction) and second it uses the desired
properties of the VBs that result in an increase in coke yield. The sulfur content of the blend
should be below 0.5 wt. % to be classified as ultralow sulfur or between 0.5-0.8 wt. % to meet
the low sulfur standards of the needle coke industry. Sulfur wt. % for DO_LS and DO_HS
treated with catalyst A and D range between 0.04-0.39 wt. % and 0.11-0.52 wt. % respectively.
Therefore, the blends of 0.8_DO_LS and 0.8_DO_HS range in sulfur wt. % between 0.24-0.52
wt. % and 0.48-0.81 wt. % respectively. Therefore, one could achieve sufficiently high semicoke yields and meet the limit on sulfur content.
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4.4.3 Optical Texture Index
The optical texture of cokes, which could be expressed in weighted scale called Optial
Texture Index (OTI) that is related to the extent of mesophase development during coking (Eser,
1998). Samples that underwent a higher degree of mesophase development will have higher
textural anisotropy as measured under a polarized-light microscope. In an effort to relate the OTI
of semi-cokes to graphitizability Wang (2005) plotted OTIs of semi-cokes to X-ray diffraction
parameters obtained from the graphitized semi-cokes (Figure 4.29). It was found that higher OTI
(more anisotropic coke) results in more graphitizable calcined coke (e.g., a smaller interlayer
lattice spacing approaching that of the perfect graphite structure, 3.4 Å). Calcined coke is
obtained from semi-coke by heat treatment under inert atmosphere to temperature of 1200 to
1300 °C, removing the volatiles from semi-coke.

Figure 4.29 The d002 spacing of semi-coke and calcined coke versus OTI (Wang, 2005)
Semi-coke samples from untreated parent oils, untreated middle fractions, untreated VBs,
treated parent oils with catalyst A and B, treated middle fractions with catalyst A and B, and
treated middle fractions blended with VBs were analyzed under a polarized-light microscope to
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determine OTI values. The values for individual texture type used to calculate the OTI are given
in Table 3.2. Six duplicate semi-cokes from each oil were analyzed for OTI, reproducibility of
these samples lie between 0.3 and 2.0 with 2/3 of them deviating by less than 1 unit. The twelve
duplicated semi-cokes analyzed for OTI are given in Table 4.8 and 4.9 as (I) and (II), averages
are given below in bold. OTIs for semi-cokes derived from the high sulfur oil are given in Table
4.8 and OTIs for semi-cokes derived from the low sulfur oil are given in Table 4.9. These tables
list the distribution of different texture elements as number of counts in the semi-coke texture
using a point-counting procedure that covers the entire surface of the semi-cokes produced by
coking. The presence of isotropic pitch indicates that the transformation to an anisotropic
texture through mesophase formation is not complete.
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Table 4.8 OTIs from Coke_DO_HS and derivatives by carbonization at 500 °C for 5 hours
Sample
DO_HS_P(I)
DO_HS_P(II)
Average
DO_HS(I)
DO_HS(II)
Average
VB_HS(I)
VB_HS(II)
Average

Isotropic
Pitch
2
4

Mosaics
0
0

Small
Domains
Flow
Domains
Domains
11
88
159
17
97
168

3
3

0
0

20
18

68
71

179
184

1
0

0
0

11
13

71
75

218
209

4
6

0
0

4
6

66
70

141
144

14
3
7

0
0
0

5
5
3

58
74
55

140
146
136

DO_HS_A_350_500
DO_HS_A_400_500
DO_HS_A_350_1000
DO_HS_A_400_1000
DO_HS_B_350_500
DO_HS_B_400_500
DO_HS_B_350_1000(I)
DO_HS_B_350_1000(II)
Average
DO_HS_B_400_1000

1
1
13
8
6
1
8
7

0
0
0
0
0
0
0
0

0
2
2
3
1
3
0
1

33
51
59
55
55
60
54
56

115
160
148
144
154
147
157
159

9

0

0

49

180

0.8_DO_HS_A_350_500
0.8_DO_HS_A_400_500
0.8_DO_HS_A_350_1000(I)
0.8_DO_HS_A_350_1000(II)
Average
0.8_DO_HS_A_400_1000
0.8_DO_HS_B_350_500
0.8_DO_HS_B_400_500
0.8_DO_HS_B_350_1000
0.8_DO_HS_B_400_1000

1
0
6
7

0
0
0
0

2
0
5
4

57
40
41
48

191
187
158
163

6
3
1
5
5

0
0
0
0
0

2
1
0
0
0

45
47
44
50
49

152
150
172
148
186

DO_HS_P_A_350_500(I)
DO_HS_P_A_350_500(II)
Average
DO_HS_P_A_400_1000
DO_HS_P_B_350_500
DO_HS_P_B_400_1000

OTI
78.9
76.9
77.9
80.1
80.7
80.4
84.7
83.2
84.0
82.6
81.5
82.0
83.4
81.4
84.4
88.9
87.1
85.0
85.0
86.5
84.4
87.2
86.6
86.9
89.3
87.8
91.2
87.6
87.1
87.4
87.7
87.7
89.8
87.4
89.6
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Table 4.9 OTIs from Coke_DO_LS and derivatives by carbonization at 500 °C for 5 hours
Sample
DO_LS_P(I)
DO_LS_P(II)
Average
DO_LS(I)
DO_LS(II)
Average
VB_LS(I)
VB_LS(II)
Average

Isotropic
Pitch
1
1

Mosaics
0
0

Small
Domains
Flow
Domains
Domains
2
59
201
1
63
208

1
2

0
0

0
1

66
55

227
208

0
0

0
0

8
10

73
77

201
209

2
3

0
0

4
3

48
44

180
178

16
3
11

0
0
0

4
3
2

51
55
46

208
195
190

DO_LS_A_350_500
DO_LS_A_400_500
DO_LS_A_350_1000
DO_LS_A_400_1000
DO_LS_B_350_500
DO_LS_B_400_500
DO_LS_B_350_1000(I)
DO_LS_B_350_1000(II)
Average
DO_LS_B_400_1000

7
11
13
15
9
5
18
7

0
0
0
0
0
0
0
0

1
1
3
3
0
1
4
3

24
50
59
49
60
55
62
56

116
204
178
163
210
204
190
175

10

0

0

47

179

0.8_DO_LS_A_350_500
0.8_DO_LS_A_400_500
0.8_DO_LS_A_350_1000(I)
0.8_DO_LS_A_350_1000(II)
Average
0.8_DO_LS_A_400_1000
0.8_DO_LS_B_350_500
0.8_DO_LS_B_400_500
0.8_DO_LS_B_350_1000
0.8_DO_LS_B_400_1000

4
5
8
10

0
0
0
0

2
0
5
4

54
58
51
45

198
184
177
168

10
4
3
9
11

0
0
0
0
0

0
1
0
0
0

38
48
40
52
38

174
163
180
174
189

DO_LS_P_A_350_500(I)
DO_LS_P_A_350_500(II)
Average
DO_LS_P_A_400_1000
DO_LS_P_B_350_500
DO_LS_P_B_400_1000

OTI
88.0
88.3
88.2
88.7
89.2
89.0
84.4
83.8
84.1
88.0
89.0
88.5
88.9
88.0
89.5
90.8
89.8
86.5
87.3
88.9
89.1
86.4
86.8
86.6
89.6
88.6
88.0
87.0
87.9
87.5
91.0
88.6
90.9
88.5
91.6
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The low sulfur DO produced semi-cokes with higher OTIs than that of the high sulfur DO.
Comparing bulk characteristic of the DOs like distillate fractions and hydrogen functionality is
not the most informative way to deduce carbonization reactivity and resulting mesophase
development. It is the individual molecular species and concentrations that govern the extent of
mesophase. Chromatographic methods have been previous employed by several researchers to
identify relationships between species and resulting mesophase (Liu and Eser, 1995; Filley 1997;
Wang, 2005). The common finding is that feeds with large abundances of pyrene and methyl
substituted pyrene produce premium quality needle cokes. Pyrene functions as a hydrogen
shuttler during carbonization and acts to extend the fluidity of the reaction medium. DO_HS_P
and DO_LS_P have been previously characterized with GC/MS by (Wincek, 2013). Although
the GC amenable fraction of the oils is rather small, however, the two to four member PAHs are
well resolved and displayed in Figure 4.30.
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Figure 4.30 Concentration of 2-4 member PAHs in DO_LS_P and DO_HS_P (Wincek, 2013)
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Both Filley (1997) and Wang (2005) report that OTI increases with increasing pyrene to
phenanthrene ratios. The pyrene/phenanthrene ratios of DO_LS_P and DO_HS_P are 0.83 and
0.46 respectively.
The middle fractions produced a better developed mesophase than the parent oils. The
increase is more noticeable in the high sulfur oil as is expected since the phenanthrene reduction
from parent oil to middle fraction is greater for this oil. Increasing the molecular weight of the
coker feed from middle fractions to VBs further increases the OTI in the high sulfur oil.
However, the VBs have a lower OTI than the middle fraction from the LS DO. The OTIs are the
same for VBs from both oils. It is possible that the structures contained in this high boiling point
fractions are more uniform than that of low molecular weight compounds.
Hydrotreated samples result in a slight increase in OTI for all parent oil samples.
However, fewer conditions were used to treat parent oils. The middle fractions also appear to
benefit from hydrotreating. However, it is seen that the increasing OTI with treatment drops off
slightly for samples treated at 350 °C and 1000 psi. This condition yields the highest
concentration of HYD product. The trend of HYD extent and OTI are displayed in Figure 4.31
and 4.32 for DO_HS and DO_LS respectively.
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Figure 4.31 OTI plotted against HYD extent for DO_HS hydrotreated samples
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Figure 4.32 OTI plotted against HYD extent for DO_LS hydrotreated samples
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Mesophase and OTI have a steady increase (although slight) with HYD up until HYD exceeds
20% aromatic reduction. OTI begins to drop off beyond 20% HYD. The initial increase in OTI
with HYD can be explained by the presence of additional hydrogen. The additional hydrogen
will slow the carbonization rate and allow for further mesophase development. The slower
reaction rate of the treated feedstock is evident by the presence of mesophase sphere as displayed
in Figure 4.33. Since pressure has the largest impact on hydrogenation extent the middle sections
of the curves in Figures 4.30 and 4.31 do not contain data points. If an intermediate pressure
between 500 and 1000 psi were to have been used it would be expected to appear in this region.

Figure 4.33 Mesophase spheres from DO_HS_P_A_400_1000

100 µm

The OTI reduction due to excessive HYD can be attributed to the large presence of
hydroaromatics that lack that planarity desired for mesophase development. The flexible sigma
bonds created by HYD may result in cross-linking between mesogens during mesophase
development. Such cross-liking between sheets will reduce the fluidity and the resulting OTI.
The addition of VBs, which are known to have a high rate of carbonization, in the blended feeds
have less quantity of isotropic pitch and mesophase spheres. The addition of VBs to treated
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DO_HS resulted in increased OTI for 7 of the 8 blended samples. The VB addition to DO_LS
increased OTI in only 5 of the 8 samples. The samples that benefited the most from the VB
addition are those with the highest HYD extent. Micrographs of semi-cokes form the high sulfur
oil are displayed in Figures 4.34 to 4.41 and micrographs from semi-cokes derived from the low
sulfur oil are displayed in Figures 4.43 to 4.51. All other micrographs are displayed in Appendix
D.

Figure 4.34 Polarized-light micrographs of semi-coke from DO_HS_P

100 µm

Figure 4.35 Polarized-light micrographs of semi-coke form DO_HS

Figure 4.36 Polarized-light micrographs of semi-coke from VB_HS
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Figure 4.37 Polarized-light micrographs of semi-coke from DO_HS_P_A_350_500

Figure 4.38 Polarized-light micrographs of semi-coke from DO_HS_P_B_350_500

Figure 4.39 Polarized-light micrographs of semi-coke from DO_HS_A_350_500

Figure 4.40 Polarized-light micrographs of semi-coke from DO_HS_B_350_500
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Figure 4.41 Polarized-light micrographs of semi-coke from 0.8_DO_HS_A_400_1000

Figure 4.42 Polarized-light micrographs of semi-coke from 0.8_DO_HS_B_400_1000

Figure 4.43 Polarized-light micrographs of semi-coke from DO_LS_P

Figure 4.44 Polarized-light micrographs of semi-coke from DO-LS
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Figure 4.45 Polarized-light micrographs of semi-coke from VB_LS

Figure 4.46 Polarized-light micrographs of semi-coke from DO_LS_P_A_350_500

Figure 4.47 Polarized-light micrographs of semi-coke from DO_LS_P_B_350_500

Figure 4.48 Polarized-light micrographs of semi-coke from DO_LS_A_350_500
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Figure 4.49 Polarized-light micrographs of semi-coke from DO_LS_B_350_500

Figure 4.50 Polarized-light micrographs of semi-coke from 0.8_DO_LS_A_400_1000

Figure 4.51 Polarized-light micrographs of semi-coke from 0.8_DO_LS_B_400_1000

100

Chapter 5
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

The research was conducted to investigate the effects of catalyst properties on
hydrodesulfurization on decant oils and the subsequent mesophase development from
hydrotreated oils during carbonization. As the trend of processing sour crudes continues needle
coke produced from decant oil will require processing to lower the sulfur content in order to
avoid unwanted puffing of the graphite electrode during graphitization. Hydrodesulfurization as
demonstrated in this thesis is capable of reducing sulfur to acceptable levels without negative
impacts on yield or quality. A scheme of treating the middle fraction and coking the treated
middle fraction blended with vacuum bottoms worked well. Catalyst properties of most interest
were activity towards total sulfur reduction, hydrogenation, and sulfur reduction in large
aromatic ring systems with more than four aromatic rings. The two primary objectives were to
maximize total sulfur reduction while minimizing hydrogenation and to selectively remove
sulfur from large polycyclic aromatic sulfur containing hydrocarbon species that are most likely
to get incorporated into the needle coke. Hydrodesulfurization operating conditions investigated
include catalyst, H2 pressure, and catalyst bed temperature.
Two decant oils obtained from a commercial needle coke produced within the United
States were used as feedstocks for this study. The two oils represented a low and high sulfur
feedstock. Decant oils were fractionated using a simple vacuum distillation setup. The fractions
from distillation represented the light fractions, middle fractions, and vacuum bottoms. The light
fractions were not used in this study. The parent oils and middle fractions were hydrotreated in a
bench-scale fixed-bed reactor. The fixed-bed flow reactor allowed for individual operating
parameters to be varied and evaluated.
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Hydrogenation during hydrotreatment experiments as measured by 1H NMR showed that
increasing the reaction hydrogen pressure from 500 psi to a 1000 psi results in a sharp increase in
extent of hydrogenation. An increase in catalyst bed temperature from 350 °C to 400 °C
suppressed hydrogenation. The temperature increase led to a higher extent of sulfur reduction in
all samples. A pressure increase showed a modest increase in total sulfur reduction for the small
pore size diameter catatlyst_A at 400 °C and a decrease in sulfur reduction at 350 °C. The sulfur
reduction activity for the larger pore size catalysts was unaffected by the pressure increase.
Therefore, a combination of high temperature and low pressure are optimal for satisfying both
goals, i.e., increased sulfur reduction with lower degree of hydrogenation.
One industrial catalyst supplied by Advanced Refining Technologies was selected and
three other catalysts were prepared using sequential incipient wetness impregnation steps and
examined for activity towards hydrodesulfurization and hydrogenation. The commercial catalyst
(catalyst_A) is a CoMo catalyst supported on gamma alumina with a pore diameter of 7 nm.
Catalyst A was used along with catalyst_B to determine if sulfur reduction from large aromatic
ring systems were limited by pore diffusion. Hydrodesulfurization of decant oil is not common
practice and available heavy oil hydrotreating catalysts are dual function cracking and treating
catalysts. Since cracking is undesired catalysts were prepared and not purchased. Catalyst_B was
prepared on 14 nm gamma alumina and loaded with the same amount of active metals as
catalyst_A.
In hydrotreatment experiments, Catalyst_A was found to be more active towards both
hydrogenation and hydrodesulfurization than that of catalyst_B. However, this activity is
assumed to be due to high concentration of active sites found in the commercial catalyst. Oils
treated prior to distillation were used to determine sulfur reduction by fraction (polycyclic
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aromatic sulfur containing hydrocarbons size) to identify possible effects of pore diffusion on
hydrodesulfurization. The reduced activity of catalyst_A for sulfur reduction of the vacuum
bottom fraction can be attributed to limited pore diffusion. Semi-coke samples obtained from oils
treated with Catalyst_A had a higher sulfur content than the corresponding feed. The opposite
was observed for Catalyst_B. Therefore, the goal of selectively removing sulfur form large
polycyclic aromatic sulfur containing hydrocarbons that are likely to get incorporated into the
coke was achieved by using a larger pore diameter catalyst.
Catalyst_C was the same as catalyst_B except replacing the promoter atom Co with Ni.
Hydrogenation activity was nearly the same from both catalysts. However, the Co-promoted
catalyst showed modestly higher activity towards total sulfur reduction. Therefore, Co appears to
be the preferred promoter atom for Mo based hydrodesulfurization catalysts when the goal is to
maximize sulfur reduction while reducing hydrogenation. Catalyst_D is a 14 nm pore diameter
catalyst with CoMo active sites that were supported on TiO2. Catalyst_D was found to be the
superior catalyst that displayed a high hydrodesulfurization activity and relatively low
hydrogenation activity. Catalysts increased the extent of sulfur reduction to hydrogenation ratio
in the order of A<C<B<D.
Carbonization experiments were performed on samples of parent oils, vacuum bottoms,
middles fractions, treated middles from catalyst A and B, treated middles form catalyst A and B
blended with vacuum bottoms, and treated parent oils from catalyst A and B. These samples
were carbonized in a tubing reactor at 500 °C for 5 hours to produce semi-coke. Semi-coke bars
removed from the reactors were mounted and polished for analysis under a polarized-light
microscopy to determine the optical texture index. Optical texture index represents coke quality
and measures the extent of mesophase that developed during carbonization. The low sulfur
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parent oil and treated parent oils produced a higher quality semi-coke than those from the high
sulfur oil. This was attributed the substantially higher pyrene to phenanthrene ratio of the low
sulfur oil. However, the treated middles, treated middles blended with vacuum bottoms, and the
vacuum bottoms have similar quality between oils. This can be attributed to the reduction of
phenanthrene during distillation. Semi-coke quality showed a slight but steady increase along
with hydrogenation. However, semi-coke quality began to drop off when hydrogenation extent
exceeded a 20% reduction in hydrogen aromatic content. The increase in OTI is more likely due
to the additional hydrogen content in the feed which slows the rate of carbonization and therefore
allows for increased mesophase development. The decrease in optical texture beyond a 20%
reduction in hydrogen aromatic content can be attributed to the loss in planarity needed for
mesogens to align and grow. An excess of flexible sigma bonds in hydroaromatics created by
hydrogenation may result in crosslinking between sheets inhibiting mesophase development.
Future research should focus on catalyst support material development. CoMo appears to
be the best active metal combination to maximize direct desulfurization over
hydrodesulfurization. CoMo supported on TiO2 showed superior activity towards direct
desulfurization over hydrogenation as demonstrated in this thesis. However, Al2O3 has superior
mechanical integrity over TiO2. Therefore, focus should be given to development and evaluation
of a CoMo supported on a hybrid Al2O3-TiO2. Carbon support material has also been shown to
prefer direct desulfurization over hydrogenation when in the form of carbon black composites.
Again the mechanical integrity of a support comprised of pure carbon is inadequate to possess
the long lifetimes required of a hydrodesulfurization catalyst. Carbon coated alumina maybe an
alternative worth evaluating on hydrodesulfurization of decant oil. The coating technique is of
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importance since it has been shown that pyrolysis of either liquid or gas hydrocarbons over
alumina does not result in uniform coverage but rather amorphous carbon islands.
An additional study topic should focus on finding use of the light fractions form vacuum
distillation that were not used in this thesis study. This feed should be incorporated into the coker
feed that is comprised of treated middles blended with vacuum bottoms. Doing so may actually
increase mesophase development by additional gas evolution that results in additional mesophase
alignment. Several ratios should be used and evaluated based on resulting optical texture index.
Semi-cokes prepared in this thesis were done in a batch reaction and not in a flow system such as
delayed coking in industry. The pilot scale delayed coker should be used when investigating the
addition of the light ends to more closely align with industry and more importantly to determine
if the small polycyclic aromatic sulfur containing hydrocarbons found in this fraction get
incorporated into the coke or end up in the coker gas oil.
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Appendix A
Atmospheric boiling points of major decant oil compounds (ChemSpider, 2015)

Structure

Name

Dibenzothiophene

4-methyldibenzothiophene

4,6-dimethyldibenzothiophene

2,4-dimethyldibenzothiophene

2,4,6-trimethyldibenzothiophene

Formula

Boiling Point

C12H8S

332 oC

C13H10S

349 oC

C14H12S

365 oC

C14H12S

C15,H14S

365 oC

380 oC
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Structure

Name

Formula

Boiling Point

benzonaphthothiophene

C16H10S

441 oC

benzo[b]naptho[2,1-d]thiophene

C16H10S

434 (+/-) 14 oC

1-methylbenzo[b]naptho[2,1-d]thiophene C17H12S

446 oC

7,8-dimethylbenzo(b)naptho(2,3-d)thiophene C18H14S

463 oC
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Structure

Name

Formula

Boiling Point

C10H8

222 oC

2-methylnaphthalene

C11H10

240 oC

1,7-dimethylnaphthalene

C12H12

262 oC

1,2,3-trimethylnaphthalene

C13H14

293 oC

C14H10

337 oC

C15H12

339 oC

naphthalene

phenanthrene

2-methylphenanthrene
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Structure

Name

Formula

Boiling Point

1,2-demethylphenanthrene

C16H14

374 oC

1,3,7-trimethylphenanthrene

C17H16

385 oC

C16H10

404 oC

2-methylpyrene

C17H12

387 oC

1,2-dimethylpyrene

C18H14

407 oC

1,2,3-trimethylpyrene

C19H16

425 oC

pyrene
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Structure

Name

Formula

Boiling Point

C18H12

448 oC

1-methylchrysene

C19H14

450 oC

1,6-dimethylchrysene

C20H16

462 oC

C20H12

468 oC

1-methylbenzo[a]pyrene

C21H14

479 oC

1,6-dimethylbenzo[a]pyrene

C22H16

492 oC

Chrysene

Benzo[e]pyrene
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Structure

Name

Formula

Boiling Point

1,3,6-trimethylbenzo[a]pyrene

C23H18

503 oC

Perylene

C20H12

479 oC

perylene, 1-methyl

C21H14

479 oC

benzoperylene

C22H12

501 oC

benzo[a]Perylene

C24H14

552 oC

coronene

C24H12

525 oC
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Appendix B
TBP Distillation Assay for ASTM D-2887 Reference Gas Oil No.1

% Distilled
IBP
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
FBP

o

C
115
151
176
201
224
243
259
275
289
302
312
321
332
343
354
365
378
391
407
428
475

+/- oC
0.6
0.4
0.7
0.8
0.9
0.9
0.9
0.9
0.7
0.6
0.5
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.6
1.4

117

Appendix C
1

H NMR Spectra for DO_HS_Parent from Catalyst_C
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1

H NMR Spectra of Hydroaromatic Region for DO_HS_Parent from Catalyst_C
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1

H NMR Solvent (CHCl3) Spectra

120

13

C NMR Spectra of DO_HS_P_A_400_1000
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13

C NMR Spectra of DO_HS_P_B_400_1000
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Appendix D
Micrographs from Polarized-Light Microscopy

Polarized-light micrographs of semi-coke from DO_HS_P

Polarized-light micrographs of semi-coke form DO_HS

Polarized-light micrographs of semi-coke from VB_HS
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Polarized-light micrographs of semi-coke from DO_HS_P_A_350_500

Polarized-light micrographs of semi-coke from DO_HS_P_A_400_1000

Polarized-light micrographs of semi-coke from DO_HS_P_B_350_500

Polarized-light micrographs of semi-coke from DO_HS_P_B_400_1000

Polarized-light micrographs of semi-coke from DO_HS_A_350_500
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Polarized-light micrographs of semi-coke from DO_HS_A_400_500

Polarized-light micrographs of semi-coke from DO_HS_A_350_1000

Polarized-light micrographs of semi-coke from DO_HS_A_400_1000

Polarized-light micrographs of semi-coke from DO_HS_B_350_500
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Polarized-light micrographs of semi-coke from DO_HS_B_400_500

Polarized-light micrographs of semi-coke from DO_HS_B_350_1000

Polarized-light micrographs of semi-coke from DO_HS_B_400_1000

Polarized-light micrographs of semi-coke from 0.8_DO_HS_A_350_500
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Polarized-light micrographs of semi-coke from 0.8_DO_HS_A_400_500

Polarized-light micrographs of semi-coke from 0.8_DO_HS_A_350_1000

Polarized-light micrographs of semi-coke from 0.8_DO_HS_A_400_1000
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Polarized-light micrographs of semi-coke from 0.8_DO_HS_B_350_500

Polarized-light micrographs of semi-coke from 0.8_DO_HS_B_400_500

Polarized-light micrographs of semi-coke from 0.8_DO_HS_B_350_1000

Polarized-light micrographs of semi-coke from 0.8_DO_HS_B_400_1000
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Polarized-light micrographs of semi-coke from DO_LS_P

Polarized-light micrographs of semi-coke from DO-LS

Polarized-light micrographs of semi-coke from VB_LS
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Polarized-light micrographs of semi-coke from DO_LS_P_A_350_500

Polarized-light micrographs of semi-coke from DO_LS_P_A_400_1000

Polarized-light micrographs of semi-coke from DO_LS_P_B_350_500

Polarized-light micrographs of semi-coke from DO_LS_P_B_400_1000
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Polarized-light micrographs of semi-coke from DO_LS_A_350_500

Polarized-light micrographs of semi-coke from DO_LS_A_400_500

Polarized-light micrographs of semi-coke from DO_LS_A_350_1000

Polarized-light micrographs of semi-coke from DO_LS_A_400_1000
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Polarized-light micrographs of semi-coke from DO_LS_B_350_500

Polarized-light micrographs of semi-coke from DO_LS_B_400_500

Polarized-light micrographs of semi-coke from DO_LS_B_350_1000

Polarized-light micrographs of semi-coke from DO_LS_B_400_1000
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Polarized-light micrographs of semi-coke from 0.8_DO_LS_A_350_500

Polarized-light micrographs of semi-coke from 0.8_DO_LS_A_400_500

Polarized-light micrographs of semi-coke from 0.8_DO_LS_A_350_1000

Polarized-light micrographs of semi-coke from 0.8_DO_LS_A_400_1000
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Polarized-light micrographs of semi-coke from 0.8_DO_LS_B_350_500

Polarized-light micrographs of semi-coke from 0.8_DO_LS_B_400_500

Polarized-light micrographs of semi-coke from 0.8_DO_LS_B_350_1000

Polarized-light micrographs of semi-coke from 0.8_DO_LS_B_400_1000
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