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Preface

Nowadays, due to the different challenges presented in the oil and gas industry,
different and modern technologies have arisen to accomplish production goals and
environmental requirements. Nanotechnology in oil and gas industry is a fascinat-
ing subject of recent origin. Nanomaterials are involved in almost all stages in the
oil and gas industry, including searching, drilling, production, processing, transport,
and refining. Nanotechnology’s focus areas include: in searching, signal and data
processing; in drilling, the development of novel materials with great tensile
strength and durability and drilling muds based on nanoparticles to control viscos-
ity; in production and processing, the development of membranes, detectors, and
separators (efficient and cost-effective materials for oil/water/gas separation are
highly required); in transport, corrosion (improved inhibition), smart pipelines, and
flow improvers with modified surfaces; and in refining, the development of cata-
lysts, support materials with large surfaces, and improved efficiency and selectivity.

Principles and applications of nanotechnology in oil and gas industries book
offers detailed, up-to-date chapters on the technological developments and
nanomaterials in petroleum. The first chapter of the book encompasses the funda-
mentals and principles of the oil and gas industry. It highlights the upstream
exploration and drilling sectors followed by midstream sectors. It also covers
the downstream sectors with oil refinery processes. The second chapter gives an
overview to nanotechnology applications in petroleum refining.

The other chapters describe the designing of effective nanomaterials and cata-
lysts and desulfurization pathways with a focus on mechanisms of the upgrading
and desulfurization process. These chapters introduce principles and advances in
the nanomaterials in the refinery. Chapter 9 discusses the role of nanomaterials as
an emerging trend toward the detection of winged contaminants. Chapter 10 dis-
cusses the biogas produced from different feedstocks in anaerobic digesters.

In this book, we have tried to cover many aspects of nanomaterials for the
refinery, which is of current interest. This book is written for a large readership,
including university students and researchers from diverse backgrounds such as
chemistry, petroleum, materials science, physics, and engineering. It can be used
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not only as a textbook for both undergraduate and graduate students but also as a
review and reference book for researchers in these fields. We hope that the chapters
of this book will provide the readers with valuable insight into state-of-the-art
advanced and functional nanomaterials and technologies. However, it is possible
that some topics have been left out owing to constraints on the size of the book. We
trust that the preface will be useful to students, teachers, and researchers.

Dharan, Saudi Arabia Tawfik Abdo Saleh
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Chapter 1

Insights into the Fundamentals and Principles
of the Oil and Gas Industry: The Impact

of Nanotechnology

Tawfik Abdo Saleh and Saddam A. AL-Hammadi

Abstract Globally, crude oil is an invaluable source of energy and raw materials
for major industries that are related to daily life. However, the oil and gas industry is
facing a significant number of environmental, technical, and industrial challenges
that require the development of different technologies to meet production goals, as
well as industrial and environmental regulations. This chapter introduces a descrip-
tion of the petroleum industry from exploration up to petrochemical production and
highlights the impact of nanotechnology in different but related processes. The oil
and gas industry can be divided into three main categories: the upstream, mid-
stream, and downstream sectors, which are also known as the refining process. The
upstream and midstream sectors include oil exploration, production, and transpor-
tation. In these sectors, nanotechnology may contribute in developing more effi-
cient, less expensive, and more environmentally sound technologies than those
which are readily available, such as developing unique nano-based sensors for the
oil well exploration process and synthesizing nanomaterials with a hydrophobic
surface for scale inhibition in oil production tubes. The downstream sector and its
related oil refinery processes include crude distillation, thermal cracking, fluid
catalytic cracking, hydrofluoric acid alkylation, hydrotreating, hydrocracking, cat-
alytic reforming, and the isomerization process. In the downstream sector, the
contribution of nanotechnology is focused on developing catalysts with a high
level of stability and performance that can be used in different catalysis processes
in refinery plants, such as the fluid catalytic cracking and hydrotreating processes.

Keywords Crude oil ¢ Nanotechnology ¢ Oil and gas industry ¢ Upstream e
Midstream ¢ Downstream and refining
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1 Overview

Crude oil is a complex mixture that contains different organic hydrocarbon mole-
cules; generally, 83-87% carbon, 11-15% hydrogen, 0.05-6% sulfur, nitrogen
0.1-2%, oxygen 0.05-1.5%, and metals < 0.1%. Several types of hydrocarbon
molecules are present in crude oil with relative percentages of each varying from
one oil type to another, thus determining the properties of each oil. The average
range of the composition by weight includes hydrocarbon alkanes (paraffin-
saturated chains) 15—60%, naphthenes (saturated rings) 30—60%, aromatics (unsat-
urated rings) 3—-30%, and asphaltic 2-10%. The term petroleum covers

(i) Naturally occurring unprocessed crude oil and
(ii) Petroleum products made up of refined crude oil

Natural petroleum is refined into several types of fuels. Petroleum components can
be separated using a fractional distillation technique. As shown in Fig. 1.1, the oil
and gas industry facilities and systems can be classified into three sectors or stages:

(i) Upstream
(i) Midstream
(iii) Downstream (Refining)

Oil and gas industry
facilities and systems

L
+ v v

. Downstream

Upstream Midstream (Refining)

Various facilities for . . .

. Transportation of oil and Oil and condensates are
production and natural gas from the d int ketabl
stabilization of oil and .g . s _|n ° mfar elabie

. extraction site to the products with defined
gas.The reservoir and . . - . .
. . refineries. However, this specfications like gasoline,
drilling community uses . . .
sector is often included diesel and feedstock
upstream for the . . .
. as an extension of either for the petrochemical
wellhead, well, completion . . .
. the upstream or indusrty. Refinery off sites
and reservoir,and downstream sector like tank st d
downstream of the : ’ 1 lan® s'ofage an
depending on the source. distribution terminals are

wellhead as production or
processing. Exploration
and upstream / production
together is referred to as
E&P.

included in this segment,
or part of a separate
distributions operation.

Fig. 1.1 General classification of oil and gas industry facilities and systems
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2 Upstream Exploration and Drilling Sectors

The upstream exploration and drilling sectors of oil and gas process commonly
involves the following:

2.1 Oil Well Exploration

Exploration can be defined as a searching for hydrogen deposits under the surface of
the earth using different methods, and this process can be done by petroleum
geologists. Due to the facts that the extraction of oil resources decays with time
and the accessibility to the easily recoverable oil resources has been diminished
significantly, more complicated techniques are required in order to enhance the
field characterization performance and ultimately increase the amount of oil recov-
ered. The extraction of oil and gas can be maximized by having sufficient infor-
mation and a clear understanding of the targeted reservoir properties. Despite using
any of the current sophisticated methods for oil recovery like thermal techniques,
gas injection, water-flooding, and chemical flooding, a huge quantity of oil and gas
will ultimately not be extracted. Besides the inefficiency of these methods of oil
recovery, these conventional processes are not favorable economically (Himes et al.
2006; Jones 2015). Since the operations in the deep wells are carried out in a very
harsh environment, conventional electrical sensors are not normally able to be
sustained in such difficult conditions. The available techniques provide limited
information, shallow penetration, and are not able to fulfill the reservoir’s charac-
terization requirements. Clearly, there is a necessity to use unconventional tech-
niques and exceptional materials to overcome these technical challenges and to
effectively explore unconventional oil and gas reservoirs. In addition, these tech-
niques and materials should meet environmental regulations and address safety
issues.

Researchers are trying to improve a new generation of sensors which are small
and hard enough to sustain under harsh conditions and to provide accurate temper-
ature, pressure, and oil and gas flow rate measurements. They also are able to
penetrate deep into the wells and obtain a clear picture of the interaction between
rocks and hydrogen deposits without being interrupted by the presence of electro-
magnetic fields. In addition, a high level of reservoir characteristics performance
requires advanced computational and imaging techniques.

In nanotechnology, different synthesis methods can be used to produce effec-
tive nanomaterials which can contribute to making unique sensors and imaging
contrast agents. The optical, magnetic, and electrical properties of these
nanomaterials can be changed greatly when compared with their bulk counterparts.
Besides, they can form percolated structures electrically and geometrically at low
volume fractions. A combination of the nanoparticles and smart fluids can generate
a very effective sensor that can work properly in very difficult conditions and
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provide accurate measurements of temperature, pressure, oil flow rate, and stress in
deep wells. Nanomaterial has great potential for use as markers for imaging when it
is combined with advanced computational techniques and magnetic probes. The
reservoir characterization and the pore sizing can be enhanced when the
nanomaterial segregates into various fluid regions by chemical techniques. The
pore size, high surface area, and mobility of the nanoparticles are absolutely
essential in such imagining. Researchers are developing nanosensors which have
the ability to provide information and data about fluid-type recognition, fluid-flow
monitoring, and which are able to penetrate into deep wells and perform reservoir
characterization. Furthermore, hyperpolarized silicon nanoparticles also have
potential applications in oil imaging and exploration. A nano-CT machine could
also play an important role in providing data on the pore-size distribution and
images for shale and gas sand. The goal of nanotechnology in this field is to develop
a nanorobot which is capable of comprehensively mapping and measuring the
effective characteristics of the reservoir.

2.2 Wellheads and Drilling

The oil well exploration is followed by the drilling of a natural gas or oil well. Then,
there should be a verification of whether the available natural gas is commercially
suitable in terms of quantity. At this stage, the well can be completed to allow
petroleum to be extracted to the surface.

Wellheads can be defined as components at the surface of an oil or gas well that
provide the structural and pressure-containing interface for the drilling and produc-
tion tools. Wellheads are used to provide the suspension point and pressure seals for
the casing strings which run from the bottom of the hole-sections to the surface
pressure control equipment. In this stage, the well hole is strengthened with casing,
the pressure and temperature are evaluated for the formation, and the proper
equipment is installed to ensure an efficient flow of natural gas from the well
which is controlled with a choke (Devold 2013).

Nanotechnology offers innovative techniques for drilling processes which
depend on water-based fluid. These methods could make a dramatic change in the
drilling process performance, are low in cost, and can be applied using straightfor-
ward methods. Besides, nanotechnology-based solutions have less impact on the
environment since the fluid used does not contain toxic chemical materials, which is
the case with conventional fluid drilling. Nanomaterials can be applied to plug
pores in the shale formation, which prevents the formation of a filter cake, which is
usually responsible for fluid loss reduction and the formation of fractures.
Nanoparticles can be added to the used drilling fluid to minimize the thickness of
the filter cake by reducing the permeability of the shale formation. As a result,
nanotechnology is a potential solution which could play an important role in
increasing the drilling process quality and enhancing the wellbore stability.
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Various nanotechnology techniques can be implemented to enhance the down-
hole tool performance including the polycrystalline diamond compact bits. A
nanodiamond is an interesting option to increase the PDC abrasion resistance and
to boost its durability. One method to increase PDC diamond density and to
decrease the metallic binder is that nanodiamond may reduce the localized micro-
structural stress when its coefficient of thermal expansion CTE is compatible with
that in the micron diamond.

Bit balling Nanomaterials drilling mud with the hydrophobic film forming capa-
bility on the bit and stabilizer surfaces is used to eliminate the bit and stabilize
balling. Due to their high surface area, nanomaterials fluid could be used for drilling
in shale which is very reactive, highly pliable, and tenacious.

Due to the fine and very thin film forming capability of nanomaterials, the
nanomaterials-based fluid may

(i) Allow a reduction of the frictional resistance between the pipe and the borehole
wall as a result of formation of a thin lubricating film in the wall-pipe interface.

(i) Facilitate formation of an ultra-thin bed of a ball-bearing type surface between
the pipe and the borehole wall which allows easy sliding of the drill string
along the nanomaterial-based ball-bearing surface.

Removal of toxic gasses H,S can diffuse to drilling fluid from formations during
drilling of gas and oil wells. H,S is to be eliminated from the mud to prevent
corrosion of pipelines and equipment. For example, zinc oxide nanoparticles and
bulk zinc oxide have the potential to remove H,S from water drilling mud.

2.3 Logging While Drilling

Logging while drilling (LWD) is a method for the extraction and collection of data
and information during the drilling process. It measures the formation properties,
well geometry, and the drilling process properties. It makes measurements while
the tools are drilling which provides directional surveys and drilling mechanics
data. Compared with wireline measurement, LWD has similar measurement capa-
bilities, although it differs in numerous other aspects. LWD can work in harsh
environments. On the other hand, wireline measurements are small, delicate,
powered through cable, offer high-speed performance, and are affected by the
entirety of the challenging environment. The main advantage of these processes
is monitoring and controlling the operations while the drilling is taking place.
There are many available LWD measurement techniques such as natural gamma
ray (GR), borehole caliper, resistivity, and sonic and neutron porosity. Nowadays,
the majority of the neutron porosity that is implemented in LWD uses He-3
detectors in order to detect neutrons in the whole. The main advantages of He-3
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detectors are that they are mechanically robust, operate at high temperatures, and
fulfill the well logging requirements; however, their available quantity is very
limited and they could be depleted in the next few years. However, a good
alternative for the He-3 detector is the Li-6 scintillation detector, which can be
used as an LWD tool. This detector can be improved using nanotechnology
techniques in order to work more efficiently and substantially. Nanostructured
glass-ceramics of Li-6 scintillations can work far better than the current Li-6
scintillation materials. Nano-logging can be the main contributor in this field and
can improve the next generation of LWD tools, especially in neutron porosity

logging.

3 Upstream Production Sectors and Nanotechnology

3.1 Manifolds/Gathering

The well streams are brought to the main production facilities over a network of
pipelines and manifold net systems. The aim of the pipelines is to allow for
production setup or well sets. Thus, the best reservoir utilization well flow compo-
sition, such as gas, oil, and water, is selected from the available wells. For gas
gathering systems, the individual gathering lines are metered into the manifold.
However, for multiphase flows or combinations of gas, oil, and water, the inflated
cost of the multiphase flow meters leads to the use of software flow rate estimators,
where well test data is used to calculate the actual flow (Devold 2013).

Stimulation In viscoelastic surfactant stimulation fluid, high-molecular-weight
cross-linked polymer fluids are being used to stimulate oil and gas wells. The
advantages of such fluids are their exceptional viscosity, thermal stability, proppant
transportability, and fluid leak-off control. On the other side, the disadvantages of
such materials include the amount of polymer residue they leave behind which can
damage formation permeability and fracture conductivity.

Therefore, the nanoparticles could be good alternatives because of their high
surface morphology and high surface reactivity. These materials can stabilize fluid
viscosity at high temperatures and produce a pseudo filter cake of viscous visco-
elastic surfactant stimulation fluid which reduces the rate of fluid loss and improves
fluid efficiency.

Scale inhibition The formation of scales inside the production tubing can be
inhibited by using nanomaterials with a hydrophobic surface such as epoxy paint
surfaces which can reduce the chances of scale deposition. An example of this type
of material is nano SO,/epoxy adhesive solution. Another example is nanomaterial
coated with a low surface energy polymer, called aminopropyl.
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3.2 Separation

In the case where the well produces a combination of gas, oil, and water, with
various contaminants, then it is necessary to install the separation processes. The
production separators are available in various forms and designs, with the classic
variant being the gravity separator. Where the wells have pure gas production, for
example, then the gas is taken directly for gas treatment and compression.

3.3 Gas Compression

In the case where the gasses from the separators have lost a significant degree of
pressure, then the gasses should be recompressed for transportation. To facilitate
this, turbine compressors gain their energy by using up a relatively small proportion
of the natural gas which they compress. The turbine can serve to operate a
centrifugal compressor, containing a type of fan which compresses and pumps
the natural gas through the pipeline. Note that gas from a pure natural gas wellhead
has sufficient pressure to feed directly to a pipeline transport system, thus there is no
need for it to be recompressed.

3.4 Oil and Gas Storage and Export

The final step before the oil or gas leaves the platform consists of

(i) Storage
(ii)) Pumps
(iii) Pipeline terminal equipment

In production sites, the oil and gas is piped into a refinery terminal. Gas can be
difficult to store locally, consequently, underground mines, caverns, and salt
deposits are used to store gas. The gas pipeline is fed from the high-pressure
COmpressors.

On the other hand, on platforms with no pipelines, oil is then stored in onboard
storage tanks to be transported using a shuttle tanker. The oil is stored in storage
cells around the shafts on concrete platforms and in tanks on floating platforms. A
separate storage tanker can be used for some floaters. Ballast handling is necessary
to balance the buoyancy when the oil volume varies. For onshore, fixed roof tanks
are usually used for crude and floating roofs for condensate. In addition, rock
caverns are used. Oil pipelines are usually driven by separate booster pumps. For
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long pipelines, intermediate compressor stations and pump stations are
recommended to be used due to the distance involved in crossing mountain ranges
(Devold 2013).

3.5 Midstream sectors

The midstream sectors involve

(1) The transportation of oil and natural gas from the extraction site to the
refineries by pipeline, rail, barge, oil tanker, or truck.

(i) Storage.

(iii)) The wholesale marketing of crude or refined petroleum products.

(iv) Pipelines and other transport systems are utilized to move crude oil from
production sites to refineries and deliver the various refined products to
downstream distributors. Natural gas pipeline networks aggregate gas from
natural gas purification plants and deliver it to downstream customers, like
local utilities. This type may include natural gas processing plants which
purify the raw natural gas and remove and produce elemental sulfur and
natural gas liquids as finished end products.

4 Introduction to Downstream Sectors

The downstream sector usually includes the processes that are related to the crude
oil refinery process, raw natural gas purification processes, and the network that is
responsible for the marketing and distribution of these process products. The
common products that are derived from the oil and natural gas are gasoline, petrol,
kerosene, jet fuel, diesel oil, heating oil, fuel oils, lubricants, waxes, asphalt, natural
gas, liquefied petroleum gas, and hundreds of petrochemicals (Leffler 2008; Fahim
et al. 2009; Krylov et al. 1998; Vassiliou 2009; Meyers 2016). The material in the
next sections is mainly focused on the oil refinery process and its configurations.

5 Oil Refinery Process

The downstream oil refinery processes are summarized in Fig. 1.2 (Jones and
Pujado 1992). The discussion of each unit will be provided in the following main
headings. A simple basic classification of oil refinery processes based on their
nature is depicted in Fig. 1.3.
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Fig. 1.2 A simplified block diagram of the refinery processes

5.1 Crude Distillation Unit

Crude oil contains a mixture of hydrocarbons with various boiling points. Thus, the
distillation process can separate the crude oil into different hydrocarbon groups
depending on their boiling point. In the oil refinery, there are two types of distil-
lation unit which are, namely, atmospheric and vacuum distillation units (Jones
2006). Main types of crude distillation units in downstream sectors of oil refinery
processes are presented in Fig. 1.4.

5.1.1 Atmospheric Crude Distillation Unit

The atmospheric crude distillation unit (ACDU) is the first unit in any petroleum
refinery, where the processing of crude begins. In this unit, crude oil is distilled and
separated into various valuable products (naphtha, kerosene, diesel, light and heavy
oil, atmospheric gas oil (AGO)). These products are exposed to further processing
downstream or become an input for conversion units in the rest of the refinery
configuration. The main components of this unit are an atmospheric distillation
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Fig. 1.3 Classification of oil refinery processes based on their nature

column, called a fractionation column, side stripper columns, a furnace, a desalter,
integrated heat exchangers, and pump and crude oil storage, as shown in Fig. 1.5.

It is necessary to increase the temperature of the crude oil before entering the
distillation column, and this can be done by using a series of heat exchangers or a
preheat train where the heat is recovered from the column product streams and by
exchanging with condensing streams from the fractionation column.

The crude oil usually contains salts, such as magnesium and chlorides of
calcium, which have negative effects on the downstream refinery equipment due
to the corrosive properties of these salts. Thus, the first goal of the atmospheric
crude distillation unit (ACDU) is to remove the salt from the crude oil, reduce the
causes of corrosion, prevent fouling, plug as much as possible, and to prepare the
crude for further smooth processing. For this task, the crude oil is pumped to the
first heat exchanger to increase its temperature up to (50—150°C) using recovered
process heat. Increasing the crude oil temperature reduces its viscosity and surface
tension, and this facilitates the subsequent mixing and separation processes. The
crude oil is mixed with a water stream to dissolve the salt and the mixture is sent to
the desalter drum to separate the salt water from the crude oil. This separation
process occurs according to the electrostatic liquid/liquid separation mechanism,
where a high voltage is applied to remove the suspended water salt globules from
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Fig. 1.4 Main types of crude distillation units in downstream sectors of oil refinery processes

the crude oil. The pressure inside the desalter drum must be maintained at a high
value to prevent the partial vaporization of crude oil, resulting in the creation of a
hazardous environment and unstable conditions. The effluent water from the
desalter is disposed of by sending it to the oily water sewer.

The downstream of the desalter unit is heated further using another heat
exchanger to a temperature of 200-280°C. Then, the crude oil temperature is
increased up to (340-390°C) using a furnace (fired heater), resulting in vaporizing
a portion of the crude oil and having a stream with two phases (liquid/gas). The
heated crude oil is directed to the bottom part of the distillation column which is
called the flash zone, where the two phases are separated.

At a pressure of about 1 bar and a temperature of (350-370°C) inside the
distillation column, the vaporized portion of the crude oil moves up the column
through trays, while the liquid portion leaves the flash zone of the column by a
stream stripper section. In the distilling process, the crude oil should not be
subjected to temperatures >370°C to avoid thermal cracking of the high-molecular-
weight components forming the petroleum coke. The formation of coke may plug
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Fig. 1.5 The atmospheric crude distillation unit (ACDU)

the tubes in the furnace that heats the feed stream to the fractionation column,
piping both from the furnace to the fractionation column and also in the column.
The fractionation column inlet oil temperature is constrained between 370 and
380°C, producing residual oil from the bottom part of the fractionation column,
where the hydrocarbons boil at a temperature higher than 370-380°C.

In every tray, the distillate vapor is in countercurrent contact with the liquid
reflux stream which is generated from a condenser at the top of the distillation
column and from the side stripper columns. The various fractions of the vaporized
crude oil are gradually condensed with the column elevation on the trays based on
their boiling point. As a result, the lighter portions of the crude oil condense on the
higher trays, such as naphtha, methane, ethane, propane, and butane while the
heavier portions, like fuel oils, condense on the lower ones. Using special trays
(draw-off trays), distillate products are withdrawn from the side of the column into
smaller side stripper columns. The side stream distillates are heavy gas oil, light gas
oil (diesel), and kerosene (jet fuel), and they leave the atmospheric distillation
column and enter the top of their respective stripper tower. Like the atmospheric
distillation column, the stripper columns have between 4 and 6 fractionation trays,
where there is liquid/vapor contact in every single tray. To draw off the hydrocar-
bons from the side stripper columns with specific properties, a steam is introduced
at the bottom of the stripper column which exits at the top and enters into the
distillation tower. The side stream stripper towers are usually compacted into one
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column to make the flow from the side stream draw-off tray to its stripper tower
more easy and direct.

The naphtha vapor leaves the top of the column and is collected in the overhead
drum. The unestablished naphtha from the fractionation column is transferred to the
naphtha stabilizer section to separate the stabilized overhead vapors which are
condensed to recover liquefied petroleum gas (LPG). Then, LPG is treated in a
caustic and amine treating unit. The stabilized naphtha then undergoes further
separation to produce light, medium, and heavy naphtha. A portion of the side
stream’s product and naphtha vapor are condensed and returned as a liquid reflux to
the distillation column.

The purpose of the flowing liquid reflux is creating a driving force for the
separation of different crude fractions, controlling the temperature in the trays,
and minimizing the heat loss in the column by recovering some energy from the
condensed vapor streams. For further illustration, inside the tower are a series of
trays that have perforations which allow the vapors to rise, as shown in Fig. 1.6. Ina
typical design, the trays are constructed with a device called a bubble cap which
forces the vapor to bubble through a layer of collected liquid that is several inches
deep on each tray. As it rises through the liquid, the vapor transfers some of its heat
to the liquid. The heat transfer causes the vapor to cool slightly and some of the
heavier components of the vapor to condense into a liquid. As a result of the heat
transfer from the vapor, the liquid on the tray gains heat, some of its lighter
components are driven off as a vapor which rises up to the next tray. This process
is continuously repeated.

In the flash zone, the stripping steam flow is introduced into a countercurrent
with the flow of the crude oil residue. This steam decreases the amount of liquid/
vapor separation, resulting in enhancing the crude oil flashing (Gary et al. 2007).

The residual oil can’t be distilled further due to the range of the temperature and
pressure limitations in the atmospheric crude distillation unit (ACDU), so the
residual is sent to the vacuum crude distillation unit (VCDU) for further distillation
under different operating conditions.
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5.1.2 Vacuum Crude Distillation Unit

Vacuum distillation is a separation technique where the pressure is reduced above
the liquid mixture, resulting in evaporation of the most volatile species when the
pressure is less than their own vapor pressure. Vacuum crude distillation involves
distillation of the atmospheric residue from the atmospheric crude distillation unit
(ACDU) under vacuum in order to obtain additional useful products and to reduce
the residual stock as much as possible. In a vacuum condition, distillation allows
separation at lower temperatures, resulting in reducing the possibility of crude oil
cracking and furnace tube coking, Fig. 1.7.

The vacuum crude distillation unit (VCDU) and atmospheric crude distillation
unit (ACDU) are integrated specifically for utilizing the recovered heat and design-
ing the integrated heat transfer system. The vacuum column has a larger diameter
and a different internal structure than the atmospheric column. The internal design
of the vacuum column should keep a pressure increasing from the top to the bottom
of the column and the liquid/vapor contact should be excellent. As a result, the
vacuum column contains packing materials and demister pads, which usually have
a lower pressure drop compared to the trays that exist in the atmospheric column.
This packing material consists of (1) structured sheet metal or (2) randomly dumped
packing such as Raschig rings. However, the vacuum contains a few trays to draw
off the product from the side of the column.

To vacuum system

Atmospheric &
distillation column

Residue from E j @ Light vacuum éas

atmospheric ’ oil
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== S @ Heavy vacuum gas

—_— oil
Stream

Pump Fired heater
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Fig. 1.7 A simplified diagram of the vacuum crude distillation unit (VCDU)
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The vacuum condition is usually generated by a series of steam ejectors that are
working from the top of the column. The ejectors remove inert and other vapors
which exist in and pull a vacuum of about 5 mmHg absolute. The pressure in the
vacuum column typically is kept at about (25-30) mmHg, and the temperature is
maintained around 420°C.

Despite the difference in the operating conditions, the process configuration of
the VCDU has somewhat the same configuration process as the atmospheric crude
distillation unit (ACDU). The ACDU residue oil is preheated by a heat exchanger
using recover heat from the hot stream products. Then, the residue oil is partially
vaporized due to the increase in its temperature up to (400—430°C) using a fired
furnace.

The two-phase stream enters the vacuum column and flashes at a feed point
called the flash zone. The distilled vapor rises through the column and is condensed
by the circulating liquid reflux moving down the column in the same manner as the
cold reflux of the side stream in the ACDU. The products are taken off at the
appropriate sections and are cooled by

(i) Heat exchange with colder streams in the atmospheric unit
(ii) By air coolers
(iii)) As heating mediums to light end reboilers

The light vacuum gas oil is withdrawn from the top side of the column while the
heavier vacuum gas oil leaves from the second side of the column. The light
vacuum gas oil is directed to other conversion units in the refinery configuration
for further processing or is used as a lube base stock. The vacuum residue can be
either directed to a coke unit, a cracking unit, and a visbreaker unit or utilized to
produce asphalt material.

5.2 Thermal Cracking Processes

The thermal cracking processes can be classified into the following main types:
(a) coking and (b) visbreaking. The thermal coking process can be classified into
various types including (1) the delayed coking process and (2) flexi-coking which is
an improved version of conventional fluid coking. Table 1.1 summarizes different
thermal cracking processes and their conditions. The following sections will discuss
these types.

5.2.1 Thermal Cracking Coking Processes

Coking is an extreme form of the thermal cracking process, in which the heavy
residue is completely converted from the low-cost material to valuable products.
The common products of this process are naphtha, solid materials, gas oil, and coke.
The coking process is suitable for processing heavy oil crudes like the Canadian
heavy oil crudes. The delayed coking and fluid coking process are different types of
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Table 1.1 Comparing between different thermal cracking processes and their conditions

Thermal cracking
process

Process conditions

Delayed coking

Operates in semi-batch mode

Moderate (482-515°C) heating at 6 bar

Soak drums (452-482) coke walls

Coked until drum solid

Coke 25-40% on feed, yield 221°C, 30% on feed

Fluid coking

Operating conditions: 510-530°C and 0.7 bar
Oil contact refractory coke

Fluidized bed with steam-even heating

Higher yield of light ends (<Cs), less coke yield

Flexi-coking

Licensed and commercialized by Exxon Research and Engineering
Company

Different fluidized beds are utilized to produce a lighter more valuable
product from the heavy residue

A large portion of the coke is converted to a low Btu gas

The reactor temperature is maintained around (530°C)

Visbreaking

Mild operating conditions

Mild (470-500°C) heating at 3.5-14 bar
Reducing the fuel oil viscosity

Low conversion (10%) to 221°C

Two types: soaker and coil visbreaking process
Heated coil or drum

Thermal cracking process

|
4 .

Thermal cracking Visbreaking

coking thermal cracking

|

!

Flexi-Coking Delayed
process coking process

' I
Soaker _ Coil ‘
visbreaking visbreaking
process process

Conventional
fluid cracking

Fig. 1.8 Classification of the thermal cracking process

the coking process including (1) the delayed coking process and (2) flexi-coking;
which are discussed in the following two sections. Figure 1.8 depicts the general
classification of the thermal cracking process.
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Delayed Coking Process

The delayed coking processing is a thermal cracking process, where the heavy
residuum from the ACDU and VCDU is heated and converted into coke gas oil and
petroleum coke in a batch-continuous process, Fig. 1.9. Like the ACDU and
VCDU, a fired heater is used to increase the feed temperature up to (480-505°C),
resulting in a mild cracking of the heavy residuum. The output stream of the furnace
is routed to one of the coking drums with a temperature of around 500°C and a
pressure of (2-3.5 bar). The coking drum usually takes (11-20 h) to be filled with
oil residuum. The liquid/vapor mixture of the oil residuum is exposed to successive
cracking until the total destruction of the heavy fractions is achieved. As a result of
a long residence period, the coke is generated as a by-product from the rich carbon
solid materials, and it is removed from the bottom part of the drum using high-
pressure jets. The coke which is produced in the delayed coking process is called
green coke and is classified as a sponge coke.

The feed stream is regularly switched between drums with one drum operating
under the decoking process which is performed using high-pressure water jets. A
cycle of events occurs at regular intervals depending on the delayed coking unit
feed rate, drum size, and throughput capacity. Typically, delayed cokers run drum
cycle times of about 12—16 h, with one drum filling online while its counterpart is
off-line for stripping, cooling, and the decoking cycle.

Gasoline & gases

Coking
drums
—_—
Light gas oil
Furnace
—
i Heavy gas oil
\=-../

Fractionator
column

eedsto

Fig. 1.9 A simplified diagram of the delayed coking process
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The cracked vapor leaves from the top of the drum and is then directed to the
fractionator column, where it is distilled and separated into the desirable distillate
products (e.g., naphtha, kerosene, gas oil). The bottom of the fractionator column
contains a reservoir where a combination between the fresh feed and condensed
product vapor occurs in order to compensate for the feed of the coker heater.

Flexi-Coking Process

Flexi-coking is an improved version of the conventional fluid coking process,
where the heavy residuum of oil from the atmospheric crude distillation unit
(ACDU), vacuum crude distillation unit (VCDU), or fluid catalytic cracker (FCC)
units is converted thermally to lighter and more valuable products using a contin-
uous fluidized bed reactor, Fig. 1.10. This technology is licensed and commercial-
ized by the Exxon Research and Engineering Company.

In conventional fluid coking, the oil residue is coked by being sprayed into a
fluidized bed of hot, fine coke particles. For example, a shorter contact time with
higher temperature coking might result in increased light and medium hydrocar-
bons with less cake generation. However, the product would have a lower value
from economic point view (Rana et al. 2007).

Unlike the delayed coking process, a substantial portion of the coke is converted
to a low Btu gas in the flexi-coking gasification process. The flexi-coking config-
uration has the capability of handling a wide range of feed types, particularly, feeds
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Fig. 1.10 A simplified flow diagram of the flexi-coking process



1 Insights into the Fundamentals and Principles of the Oil and Gas Industry:. .. 19

with high metals, sulfur, and Conradson Carbon Residue (CCR or Concarbon)
content.

The heavy hydrocarbons are sprayed into the fluidized bed reactor, where they
are cracked thermally, by a hot coke fluidized bed. This hot coke is circulating
between the reactor and the heater vessel to maintain the reactor temperature at
around (530°C) and to supply the sensible level of vaporization heat required for
thermal cracking. The cracked vapor products leave the reactor section and enter
the scrubber zone, where a portion of the vapor (usually fine coke and heavy oil
particles) is condensed and recycled to the reactor zone. The reactor output flows to
a conventional fractionator column for separation purposes.

A steam is injected into a baffled section at the reactor bottom to strip the coke is
free from other reaction products. The coke is routed to the heater vessel, where its
temperature is increased to about 600°C. The heating process is achieved using a
coke fluidized bed, and its main goal is to transfer the heat to the reactor for the
cracking process. The coke leaves the heater vessel and enters a gasifier, where it is
converted to a low Btu gas which contains N5, H,, CO,, and CO by a reaction with
air and steam. The coke contains sulfur which is usually converted to H,S and COS
in the gasifier unit while the nitrogen is converted into NH; and N,. This gas leaves
the gasifier and enters the heater, where it is used to fluidize the coke bed and supply
the reactor with the required heat energy. A coke purge stream is withdrawn from
the heater and is usually about 0.5-0.9 wt % of the fresh feed. Most of the metals
contained in the process feedstock are separated with this purged coke.

After leaving the heater, the coke gas is cooled using a steam generator and then
enters a tertiary cyclone and venture scrubber, where the coke fines are collected.
Finally, H,S is removed from the coke gas in the sulfur removal unit (Stretford
unit). As a result of the flexi-coking process, an upgrade in the low-quality fuel is
achieved and a fuel gas with a lower heating value compared to natural gas is
generated.

5.2.2 Visbreaking Thermal Cracking Process

The visbreaking process is a thermal cracking process under mild operating condi-
tions, where the viscosity of the VCDU residuum is reduced by breaking the long
chain molecules of the feedstock into shorter ones to obtain more valuable products
and to meet the fuel oil specifications, Fig. 1.11. In the visbreaking process, the
operating conditions of the thermal cracking are optimized in a way that breaks off
the long paraffinic side chain attached to the aromatic rings into smaller molecules.
As a result of this optimized process, the thermal cracking is not complete, the
viscosity of the product is largely reduced, and the resulting fuel exhibits good
stability. Under extreme operating conditions, the product has less stability and can
be polymerized during storage which causes filter plugging and sludge formation.
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The principle reactions which occur during the visbreaking operation are:

¢ Cracking of the side chains attached to the cycloparaffin and the aromatic rings
at the ring so the chains are removed or shortened into methyl or ethyl groups.

¢ Cracking of resins into light hydrocarbons (primarily olefins) and compounds
which convert to asphaltenes.

* At temperatures above 480°C, there is some cracking of the naphthene rings.
There is little cracking of the naphthenic rings below 480°C .

Thus, there are two types of visbreaking process: the soaker visbreaking process
(Fig. 1.11) and the coil visbreaking process (Fig. 1.12). In the soaker visbreaker
unit, thermal cracking is achieved at a relatively low temperature of about
(427-443°C) and with a long residence time. However, the cracking is achieved
at a high temperature of around (470-500°C) and a short residence time of about
(1-3 min) in the coil visbreaker unit. Despite the similarity between the two units in
the yield and properties of the product, the soaker visbreaker unit consumes less
energy due to the relatively low temperature, and it can be operated for a long
period of time (6—18 months) before being shut down for coal removal purposes
compared to 3—6 months in the coil visbreaker unit. However, cleaning the coil
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visbreaker unit is much easier than the soaker visbreaker unit. Currently, the
majority of the new refineries use the soaker visbreaker unit instead of the coil
visbreaker unit (Sieli 1998).

5.3 Fluid Catalytic Cracking Unit

The fluid catalytic cracking unit is one of the most dynamic and complex processes
in a refinery. In the fluid catalytic cracking unit, the high-boiling, high-molecular
weight hydrocarbon fractions of petroleum crude oils are converted into valuable
products, such as gasoline and olefinic gasses, Fig. 1.13.

Cracking of petroleum hydrocarbons can be performed by (1) thermal cracking
and (2) catalytic cracking. Using catalytic cracking, more gasoline with a higher
octane rating is produced with a by-product of olefinic-valuable gasses.

The common feedstock of an FCC unit contains atmosphere gas oil, vacuum gas
oil, and a heavy stream, such as reduced crude oil.
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Fig. 1.13 A flow diagram of the fluid catalytic cracking unit (FCCU)

The feed usually contains major contaminants, such as carbon residue and
metals. The fluid catalytic cracking process has two main steps: (1) the reaction
and regeneration process and (2) the fractionation process.

5.3.1 Reaction and Regeneration Process

The fluid catalytic cracking unit (FCCU) is a circulating fluidized bed system which
includes a reactor, regenerator, and a heterogeneous catalyst system. The reactor
and regenerator vessels are connected to each other by transfer lines to enable the
catalyst particles to flow between the two vessels for a continuous reaction and
regeneration process. The feed to the unit along with the recycle streams is
preheated to a temperature of 365-370°C. Then, the feed is allowed to flow to the
riser, where it encounters hot regenerated catalyst at a temperature of 640-660°C.

In the inlet of the reactor vessel, cracking occurs owing to the contact of oil with
the powder catalyst. To obtain a high surface contact area, the catalyst and oil are
dispersed inside the reactor column. This provides complete cracking in the catalyst
fluid bed in the reactor vessel. The catalyst fluidity can be maintained using a steam
injection at the bottom part of the riser.

The cracked vapor effluent flows from the top section of the riser column to enter
the recovery part of the plant. In this plant, the distillate products of cracking are
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separated by fractionation and forwarded to either storage or for further treatment.
The oil slurry stream from the recovery plant is returned back to the reactor as it is
recycled. On a continuous basis, the catalytic materials from the reactor flow to the
regenerator vessel where there is contact between the catalyst particles and an air
stream that maintains the catalyst particles in a fluidized condition. The carbon that
covers the catalyst particles is burned off by a reaction with the air which leads to a
carbon conversion into gasses such as CO and CO,.

The reactions that occur in the FCC unit are extremely exothermic which pro-
duces a huge amount of energy that increases the catalyst stream temperature up to
537°C and supplies the required heat for the oil cracking reaction.

5.3.2 The Fractionation Process

In the fractionation process, the output of the reactor-regeneration system is sepa-
rated into different products. Liquefied petroleum gas and gasoline are removed
overhead as vapor. Unconverted products such as light and heavy cycle oil flow out
as a side stream. The overhead product is transferred to the stabilization section,
where stabilized gasoline is separated from the light products from which liquefied
petroleum gas is recovered.

The common products of the FCC unit contain light gasses, liquefied petroleum
gas, gasoline, heavy and light cycle oil, and coke as a by-product which is
consumed in the system regenerator to supply the reactor with the energy demand.

5.4 Hydrofluoric Acid Alkylation Process

The alkylation unit is one of the conversion units in the crude oil refinery where
isobutane and alkenes with a low molecular weight are converted into alkylate,
which is a high-octane gasoline, Fig. 1.14. The common catalysts for the alkylation
reaction are sulfuric acid or hydrofluoric acid. Alkylation is catalyzed by liquid and
solid acids, such as HF, AICI;-HCl, H,SO,, HF-BF;, H,SO,-HSOsF, BF;—alu-
mina, trifluoromethane sulfonicacid chlorided Pt alumina, ion exchange resins, and
zeolites (Gary et al. 2007).

Based on the used catalysts, the unit may take the name of (1) sulfuric acid
alkylation unit (SAAU), (2) hydrofluoric acid alkylation unit (HFAU) or
hydrofluoric acid (HF) alkylation process (Fig. 1.15). The alkylation unit feedstocks
usually contain olefins and isobutane. The catalytic cracking and coking operations
are considered as the main source for the olefins in the alkylation process. Propene
and butenes are the main olefins that are used. However, pentenes or amylenes are
involved in some operations.

The process of hydrofluoric acid (HF) alkylation is achieved in four main steps
including (1) feed pretreatment, (2) reaction, (3) fractionation, and (4) acid regen-
eration. These steps are highlighted in the following sections.
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5.4.1 Feed Pretreatment

The alkylation unit olefin feed is generated from an FCC unit and contains butene,
isobutene, and propene, in addition to amylenes, n-pentane, propane, n-butane, and
noncondensables (ethane and hydrogen). The feed may also contain contaminants
(such as water, methanol, and ethanol) which reduce the acid catalyst’s efficiency
by diluting its concentration or reacting with it. As a result, the acid consumption
and the undesirable reaction products are increased. Therefore, in the hydrofluoric
acid alkylation process, olefin feeds, which are produced from the FCC unit, are
usually deethanized. Merox (mercaptan oxidation) is treated to remove H,S and
mercaptans and then dried.

5.4.2 Reactions

After the pretreatment of the olefin feed, it is combined with a huge amount of a
recycled isobutane excess to supply a 6:14 isobutane to olefin molar ratio. Then, the
combined stream is sent to the reactor column of the alkylation unit. The extreme
exothermic heat that is generated from the reaction is removed using flowing
cooling water in the reactor tubes, and this allows the reaction to occur in a
temperature range from 27 to 38°C. The alkylation reaction occurs at a high rate
of almost complete olefin conversion. The excess amount of nonreactive hydrocar-
bons, alkylate product, and isobutane that exist in the feed stream and the acid
catalyst are transferred into the settler vessel. Using gravity, the dense acid phase
and the hydrocarbons are separated from each other rapidly. Then, the dense acid
phase is recycled to the reactor column while the hydrocarbons with the dissolved
hydrofluoric acid flow out of the settler vessel into the isostripper column.

5.4.3 Fractionation

In the fractionation sector, the distillation process is utilized to separate the alkylate
from the isobutene and acid catalyst. The unreacted isobutane is recycled and
combined with the olefin feed before entering the reaction vessel. Propane is the
main product of the distillation process and the n-butane flows off as a side product.
Generally, the fractionation sector usually has a hydrofluoric acid stripper, a
depropanizer, and an isostripper.

The isostripper is a column that has double side draws and its main function is to
recover isobutane to increase the ratio of isobutane to olefin molar of the used
reactor. The isostripper column consists of two reboilers. The goal of the upper
reboiler is to increase the use of the low-pressure steam while the lower reboiler
utilizes a heating medium which provides 200-230°C. Alkylate is withdrawn from
the lower section of the column and then cooled and transferred to the product
storage. Also, the isobutane is withdrawn from the column and recycled to the
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reactor vessel while the n-butane is withdrawn from the side draw and sent to the
product storage.

The depropanizer and hydrofluoric acid stripper separate propane from the
recycled isobutene. The stream of the lower section of the depropanizer column
is isobutane which is combined with the isobutane stream of the isostripper tower
and recycled to the reactor vessel. In the upper part of the depropanizer column, the
propane product and hydrofluoric acid are separated in the overhead receiver. The
acid phase is recycled to the reactor sector and the acid which contains propane is
sent to the hydrofluoric acid (HF) stripper column, where propane is stripped free of
acid. The bottom stream of the HF stripper is a propane product treated with hot
alumina to separate the organic fluorides, and then cooled and treated with potas-
sium hydroxide pellets to remove traces of hydrofluoric acid and water.

5.4.4 Acid Regeneration

In the hydrofluoric acid alkylation process, a small stream of circulating acid is
stripped with superheated isobutane in a small monel column called the acid
regenerator. The regenerator overhead is hydrofluoric acid and isobutane that are
recycled to the reactor; the regenerator bottom is polymer and the hydrofluoric
acid—water azeotrope, which are neutralized with aqueous potassium hydroxide. In
addition to the alkylate stream, the products leaving the alkylation unit include the
propane and normal butane that enter with the saturated and unsaturated feed
streams as well as a small quantity of tar produced by the polymerization reactions.
The product streams leaving an alkylation unit usually contain grade propane
liquid, normal butane liquid, Cs", and tar.

5.5 Hydrotreating Process

In the hydrotreating process called also catalytic hydrogen treating, objectionable
materials such as sulfur, nitrogen, olefins, and aromatics are removed or reduced
from the petroleum fractions. The terms hydrotreating, hydrodesulfurization,
hydroprocessing, and hydrocracking are commonly used rather loosely in the
industry because these processes are interconnected. In the processes of
hydrodesulfurization and hydrocracking, for example, desulfurization and cracking
operations occur at the same time. The common units under the hydrotreating
process are shown in Fig. 1.16.

5.5.1 Applications of Hydrotreating

The removal of objectionable materials from crude oil fractions can be achieved by
selecting a reaction between these objectionable materials and hydrogen gas in a
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Fig. 1.16 A simplified diagram of the typical hydrotreating process unit

reactor at a high temperature (on average 300-500°C) and at moderate pressures.
The lighter materials like naphtha are treated to be prepared for the next operation
in the catalytic reforming units. However, jet fuel and heavy gas oil, in addition to
other heavier distillates, are treated to meet the new stricter product quality stan-
dards regarding crude oil refinery products.

Many environmental regulations and constraints have been enforced on the oil
industry to minimize the harmful materials in the refinery products as much as
possible and to meet the new fossil fuel quality specifications.

Factors including the (1) type of feed, (2) desired cycle length, (3) and expected
the quality of the products determine the type of design of a hydrotreater. Generally,
the hydrotreating operates under the following conditions:

« Liquid hourly space velocity (LHSV) of 0.2-8.0.

« H, circulation of 300-4000 SCFB (50—-675 Nm®/m?), where SCFB stands for the
standard cubic feed hydrogen in the reactor per barrel of hydrocarbon feed.

e Hy,pp of (14-138 bars).

o The start of run temperatures ranges between 290 and 370°C (Chianelli et al.
2002; Topsge et al. 1996).

The common applications of hydrotreating are for:

(i) Naphtha (as a pretreatment process for the catalytic reformer unit): the
objective is reducing or removing metals, nitrogen, and sulfur which can
poison and deactivate the catalysts of the reforming process.

(i) Kerosene and diesel: the objective is reducing or removing sulfur, in addition
to saturating olefins and some of the aromatics, thereby improving the prop-
erties of the streams including the amount of kerosene diesel and the smoke
point. This also provides storage stability.
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(iii) Lube oil: the objective is reducing or improving the viscosity index, color, and
stability while in storage.
(iv) Fluid catalytic cracker (FCC) feed: the objective is reducing or removing FCC
yields while decreasing the catalyst usage and stack emissions.
(v) Resids: the objective is reducing or removing sulfur to provide oils with low
sulfur content which can affect conversion and pretreatment for the down-
stream process of conversion.

The recycled hydrogen and hydrogen makeup are mixed with the feed before
entering the reactor vessel after the preheating process. The hydrotreating reaction
is carried out at a temperature equal to or less than 427°C to avoid cracking. The
hydrotreating process occurs in a fixed-bed reactor by a reaction between hydrogen
gas and the oil in the presence of metal oxide catalysts. The common products of
this reaction are hydrogen sulfide, saturated hydrocarbons, and ammonia. Then, the
reactor products are cooled and sent to a hydrogen separator unit to separate the
hydrogen from the oil. In the stripper column, the remaining hydrogen sulfides and
light end products are removed from the oil. The gas is treated to remove hydrogen
sulfide and recycled to the reactor (Gary et al. 2007).

5.5.2 Chemistry of the Hydrotreating Process

The chemical steps and reactions which occur during the hydrotreating process can
be summarized as:

e Sulfur removal, desulfurization or hydrodesulfurization (HDS), where the
organic sulfur compounds are converted to hydrogen sulfide (Saleh and
Danmaliki 20164, b).

» Nitrogen removal, denitrogenation or hydro-denitrogenation, where the organic
nitrogen compounds are converted to ammonia.

e Organo-metallic, hydrodemetallation or hydrodemetallization, where the
organo-metals are converted into the respective metal sulfides which are
removed.

* Oxygen removal, where organic oxygen compounds are converted into water.

¢ Olefin saturation, where organic compounds containing double bonds are
converted into their saturated homologues.

¢ Aromatic saturation, hydro-dearomatization, where some of the aromatic com-
pounds are converted into naphthenes.

¢ Halides removal, where the organic halides are converted into hydrogen halides.

5.6 Hydrocracking Process

Hydrocracking processes are versatile catalytic refining processes which are
performed for crude oil feedstock upgrading by adding hydrogen and removing
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impurities. In the hydrocracking process, the weight of large molecules is converted
into lower molecular weight by cracking until the desired boiling range is reached.
The feed of the hydrocracking can range from heavy vacuum gas oils to atmo-
spheric gas oils, while the products can range from heavy diesel to light naphtha.

The hydrocracking can usually be achieved by using various configuration
processes including (1) single-stage process, (2) double-stage process, and
(3) multi-stage processes, Figs. 1.17 and 1.18. These processes are highlighted in
the following paragraphs.

5.6.1 Process Description and Classifications

The hydrocracking process can be classified into two types:

(i) The hydrocracking process where the cracking and treating are combined in
one reactor is considered as a single-stage process. This single-stage process
can be used for (1) a moderate degree of conversion or (2) for full conversion
with a limited reduction in molecular weight such as the production of middle
distillates from heavy distillate oils. The disadvantages of the single-stage unit
include limitations in the conversion percentage and the deactivation and
contamination of the used catalysts by undesirable materials.

Make up hydrogen
l  Recycle hydrogen
Feed
Fractionator
column
Separator
—
Products
—
—_—
Reactor
Recycle oil + ,

Fig. 1.17 A simplified diagram of the hydrocracking single-stage process
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Fig. 1.18 A simplified diagram of the hydrocracking two-stage process

(i) The hydrocracking process where the cracking reaction occurs in an additional
reactor or reactors is considered as a multi-stage process. In the first reactor, the
undesirable materials are separated from the unconverted hydrocarbons.
Denitrogenation and desulfurization take place along with a limited amount
of hydrocracking of the exothermic reactions. The catalyst is arranged in
several fixed beds while the temperature of the reaction is controlled by
injecting a portion of the recycle gas between these catalyst beds. The products
of the first and second reactor are transferred into the hydrogen separation unit,
where the hydrogen is separated and recycled. Then, they are sent to the
fractionation column, where unconverted materials are removed and with-
drawn from the lower section of the fractionation column.

5.6.2 Chemistry of the Hydrocracking Process

In the hydrocracking process, the heavy feedstock containing large molecular
weight molecules can be converted into smaller molecular weight compounds.
The reactions which occur in the hydrocracking units include (1) treating, called
pretreating, and (2) cracking, or hydrocracking reactions which require a bifunc-
tional catalyst, possessing the dual function of both cracking and hydrogenation.
The reactions in hydrocracking can be classified into two categories:

(i) Desirable reactions include the treating, saturation, and cracking reactions
(i1)) Undesirable reactions include contaminant poisoning and coking of the catalyst
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5.6.3 Advantages of Hydrocracking

Hydrocracking processes have several advantages including:

(a) Flexibility in terms of the production of gasoline and the middle distillates.

(b) The products are of a high standard.

(c) Relatively easy processes with the ability to handle a wider range of feedstock,
like the cycle oils from other cracking units.

(d) Easy to control with the capability of handling various feedstock compositions.

(e) Limited by-product yield.

(f) Good conversion rate of the gas oil and residues into useful products.

5.7 Catalytic Reforming

In the catalytic reforming process, light crude oil distillates react with the hydrogen
stream at a pressure of 3.5-34.5 bars and at an elevated temperature. In addition,
there is the presence of platinum-based catalysts to increase the octane number of
the hydrocarbon feed streams, Fig. 1.19. The paraffin-rich naphtha feed with low
octane is converted into a liquid product which is rich in aromatic compounds with
a high-octane number. In addition, hydrogen and light hydrocarbons are obtained as
reaction by-products. Reformate can be used as a blending material for motor fuels,
and as the main source of aromatics that are heavily used in the petrochemical
industry (Pujadé and Moser 2006). The common feedstocks of the catalytic
reforming unit are heavy straight-run gasolines, naphthas (82—-190°C), and heavy
hydrocracker naphthas.

Light hydrocarbons

Compressor Separator
o | |
Recycled hydrogen —d P
Reactor 1 Reactor 2 Reactor 3
Stabilizer
Feed preheater =
Naphtha
feedstock Hanter
Reformate

Fig. 1.19 General catalytic reforming flow diagram
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5.7.1 Process Description

The first step generally is the naphtha feed preparation which involves removing the
impurities and reducing catalyst degradation. Then, the actual reforming process
step starts. A typical flow diagram is presented here. The reforming process
includes the following steps:

— The reaction section comprising heat recovery, furnace, and rectors
— Hydrogen separation and recirculation
— The product recovery section or distillation

The naphtha feedstock is combined with the hydrogen generated by the reaction
process itself, vaporized, and passed through a heat recovery train from the outgo-
ing reaction products. Then, it enters a succession of the alternating furnace and
fixed-bed reactors. The common catalysts that are used in these reactors are a
platinum catalyst or a bimetallic (Pt- Rh) catalyst.

The product of the least fixed-bed reactor is cooled and transferred to a separator
unit to remove the hydrogen stream which is recycled and mixed with the naphtha
feedstock. Also, the excess of the hydrogen product is transferred to other units in
the refinery plant. The liquid products from the bottom of the separator are sent to a
stabilizer called a butanizer. This makes the bottom product which is called
reformate, while the butanes and lighter paraffins pass overhead and are then sent
to the other users.

The catalysts require regeneration after a certain time. Depending on the catalyst
type and the severity of the reaction, the cycle time and method of regeneration
varies. Some catalytic reforming systems continuously regenerate the catalysts.

5.7.2 Reactions

In catalytic reforming, reaction conditions should be selected to favor the desired
reactions and inhibit the undesired reactions. Desirable reactions in a catalytic
reformer form aromatics and iso-paraffins:

¢ Paraffins are isomerized and converted to naphthenes which are subsequently
converted to aromatics.

e Olefins are saturated to form paraffins.

» Naphthenes are converted to aromatics.

e Aromatics are left essentially unchanged.

It should be noticed that the reactions which form undesirable products include:

» Dealkylation of side chains on naphthenes and aromatics to form butane and
lighter paraffins.
» Cracking of paraffins and naphthenes to form butane and lighter paraffin.



1 Insights into the Fundamentals and Principles of the Oil and Gas Industry:. .. 33

Major reactions that take place during reforming include:

* Dehydrogenation of naphthenes to aromatics.
» Dehydrocyclization of paraffins to aromatics.
» Isomerization.

* Hydrocracking.

5.8 Isomerization Process

The isomerization process is mainly used to transform n-paraffins to iso-paraffins.
The n-paraffins usually have a low-octane number whereas iso-paraffins have a
high-octane number, Fig. 1.20. Hence, the main applications of the process are in
producing high-octane blending components for gasoline in refineries. To obtain
high-octane stock, the common process includes:

» Isomerization of butane to isobutane
» Isomerization of pentanes and hexanes into higher branched isomers

For a general description of the isomerization process, the common feed of the
isomerization unit is a light straight-run gasoline stream high in C5 and C¢* normal
paraffins. The feed is sent to the deisopentanizer column which removes (1) iCs

ICS Product

nC5 Recycle Light gas to fuel gas

Hydrogen make
up

C5/Cé6
splitter

I S
C5/C6 Feed |

-

Reactor

— Hydrogen ~

Separator g hitizer

Deisopentanizer

C6 Product

Fig. 1.20 Flow diagram of a typical isomerization unit
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which exists in the streams and (2) iC5 generated in the reactors which are recycled
back to the feed stream as a portion of the nCs recycles. When the iCs enters the
overhead of the deisopentanizer column, the balance of the feed stream is trans-
ferred to the isomerization unit. In this unit, hydrogen gas is introduced into the
stream to drive the reaction to produce the desirable products and decrease the coke
formation on the particles of catalysts. As with the previous units in the oil refinery,
the stream is sent to the hydrogen separation unit to separate and return the
hydrogen back to the feed stream of the reactor. In the stabilizer column, the light
hydrocarbons that may be generated during the reactions are removed. The sepa-
rated hydrocarbons flow from the upper part of the stabilizer column, then they are
blended into the refinery fuel gas unit. The product stream leaves the lower part of
the stabilizer column and enters a Cs/Cg splitter column, where Css are sent out of
the top of the column and recycled back. The nCs in the Css is reprocessed and the
iCs can be sent out of the top of the deisopentanizer as a product. The Cq and
heavier components leave the bottom of the splitter and either go to gasoline
blending or to the catalytic reforming unit.

5.9 Nanotechnology in Refining Processes

Nanotechnology is making a significant contribution to the oil refining and petro-
chemical industry, with potential solutions for the related challenges. For example,
several forms and types of nanomaterials are being used as catalysts for several
types of refinery and developing industry in various units.

One example is the development of mesoporous catalyst materials such as
zeolite and alumina loaded with diverse types of nanoparticles as catalysts. Another
example is the use of nanotechnology in removing harmful toxic substances such as
nitrogen oxides, sulfur oxides, and related acids and acid anhydrides from vapor by
using distinct types of nanofilters and nanoparticles. The removal of mercury from
oil and gas is considered to be another challenge, where nanomaterials can play a
key role in solving these types of the problem by using, for example, nanoparticles
of metal oxides such as copper oxide. Nanotechnology further provides solutions
for carbon capture and long-term storage. The removal of sulfur compounds from
oil is another problem that is being investigated by scientists and engineers. Various
nanomaterials are being developed and evaluated for such applications.

In the following chapters, the role of nanotechnology in solving different oil and
gas-related problems is discussed along with several types of nanomaterials that are
used for such applications.
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Chapter 2
Nanotechnology Applications in Petroleum
Refining

Ubong J. Etim, Peng Bai, and Zifeng Yan

Abstract Nanotechnology has successfully gained applications in many areas of
life, thereby seen as the modern way of creating products, which results in high
efficiency of use. In the petroleum processing industries, this revolution is no
exception. The efficiency of a number of conversion processes improves upon
application of materials with the nanometer scale dimension, which is caused by
improvements and developments of better material properties as the particle size
decreases. In this chapter, the applications of nanotechnology through nanocatalysis
in petro-refining processes are highlighted. This is exemplified by discussing the
applications of nanotechnology in several typical petroleum refining processes,
including catalytic cracking, oxidative dehydrogenation of alkanes, and desulfuri-
zation. Other processes for the production of clean fuels are also briefly reviewed.
The key benefits of “nano-tech” application in catalysis are based on the exposure
of a large surface area for reaction, thereby reducing the tendencies to adverse and
side reactions. The desire for an improved catalyst with high activity, low deacti-
vation, and low coke formation to meet the growing demand for chemicals and fuels
necessitates the increasing exploitation of nanoparticles as catalysts.

Keywords Nanotechnology < Nanomaterial « Nanocatalysis ¢ Petroleum
processing

1 Introduction

The quest for exploring and improving the properties of materials at atomic scales
has driven scientists to a broad field of research known as nanotechnology. Funda-
mentally, at the nanoscale, the properties of materials between 1 and 100 nm
provide new insights into improvements of the existing materials and ways to
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designing novel ones with striking features can be successfully and effectively
explored. Nanotechnology has successfully gained applications in many areas of
life, resulting in improved efficiency of product creation and utilization. In the
scientific world, the term “nano” is used as a prefix that means “billionth” or a
factor of 10~ or 1/10°. A nanometer, therefore, refers to a unit which indicates an
order of spatial measurement that is one “billionth” of a meter.

Nanotechnology could be defined as the science, engineering, and application of
materials at the nanoscale (i.e., at least one dimension measured in nanometer)
(Zhou 2007). The nanoscale means dimensions in the order of 100 nm or less. With
the increased sensitivity of analytical tools at the nanometer levels, nanoscience has
thus brought one of the most incredible and remarkable revolutions into the world
of material science, enabling diverse applications. The first mention of the idea and
concept of nanoscience and nanotechnology is credited to a physicist, Richard
Feynman, in 1959 during a talk to the American Physical Society, where he
described the process in which scientist could be able to manipulate and control
materials at the nanoscale. The talk titled “There is plenty of room at the bottom”
allows humanity to benefit from the implication of materials to obtain miniaturiza-
tion for applications of the previous technologies.

The impacts of nanotechnology in the society have been unambiguously and
overwhelmingly felt in many areas through improved efficiency and high-quality
products developed at reduced overhead cost, which increases demand. Thus,
nanotechnology can be considered fundamental to the modern ways of life.
Improved and efficient products which span all sectors of the society are immediate
consequences of the intimate integration of the so-called nano-tech. Presently,
nanotechnology is applied to all areas of life, and its applications are exploited in
a number of industries, including electronics, materials and manufacturing, aero-
space, photography, construction, chemicals as well as petroleum refineries. The oil
and gas industries, from upstream through the midstream to downstream have gone
through stages where chemical processes are facilitated because of the relevancy of
employing materials with unique size-dependent properties.

1.1 Nanosize

Just how small is the nanosize? “Nano” is about as small as it gets in the world of
regular physical, materials, and biological sciences (Lindsay 2009). Based on the
units, things are measured in our everyday life, for instance, the diameter of a
hydrogen atom is about one-tenth of a nanometer, so the nanometer scale is the
smallest scale on which one might consider building blocks on a scale. Generally,
atoms are smaller than a nanometer, one atom measures in the range of
~0.1-0.3 nm, depending on the type of the element. As could be seen in Fig. 2.1,
several other objects exist at the nanometer scale. Examples include viruses
(30-50 nm), DNA (2 nm), buckyballs (1 nm in diameter), carbon nanotubes
(~1 nm in diameter), and many catalysts used in the production of fuels and
petrochemicals are based on nanoparticles. The thickness of a sheet of paper is
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Fig. 2.1 Some nanometer-sized materials. Adapted from Grunes et al. (2003), with permission of
the Royal Society of Chemistry

about 100,000 nm and the human hair is about 50,000-100,000 nm in diameter
(Grunes et al. 2003). Objects and dimensions that are this small are difficult to
measure with the conventional instruments and require special tools for analysis.
So, the sensitivity of measurement is enhanced using powerful microscopic tools
that permit the use of unique methods to allow for the visualization of surface
features on the atomic scale, such as atomic force microscopy (AFM), scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and scan-
ning tunneling microscopy (STM). These characterization tools have been fre-
quently used to examine the nanostructure of model catalyst systems. Using
STM, for example, it becomes possible to explain why doping Ni catalysts used
for the steam reforming of methane with a small amount of gold reduces the
tendency of such catalysts to deactivate because of carbon deposition (Besenbacher
et al. 1998).

1.2 Nanomaterials

Nanomaterials possess unique properties derived from features present in them that
are measurable on the nanometer scale. Examples of nanomaterials in use in
modern industrial applications include carbon materials, metal oxides, and zeolites.
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The preparation of materials at the nanoscale is feasible through careful design and
controlled synthesis procedures. Generally, nanomaterials can be synthesized by
two widely known methods, either by bottom-up or top-down approach. The
bottom-up approach involves the formation of nanomaterials by reaction and
assembly of the reactants in the presence or absence of structure directing agents
(SDA). In the top-down approach, the bulk materials are broken down to smaller
particle size by mechanical, thermal, or chemical methods. The former has the
advantage of precise control of the particle size; however, the use of expensive
precursors and surfactant increases cost. The latter has the disadvantage of
nonuniform particle size. Faujasite zeolite nanosheets, for example, are synthesized
by controlling the pore structure using SDA and crystallization temperature that
allow for the formation of zeolite particles with interstitial pores between the
nanosheet assemblies (Inayat et al. 2012; Mehlhorn et al. 2014; Yutthalekha et al.
2016). The most important property to optimize during the synthesis of
nanomaterials is the surface area. The shape, size, and composition of the surface
need to be controlled as well. These properties are of basic importance in applica-
tions involving catalysis because they are the determinants of catalyst activity and
stability. Often, the surface area increases with a decrease in the dimension of a
material. Thus, as the material size decreases, a greater portion of the atoms are
found at the surface compared to the bulk material. Because growth and catalytic
chemical reactions occur at materials surfaces, a given mass of nanomaterial reacts
more compared to the same mass of bulk material. Additionally, materials that are
inert in their bulk form are reactive when existing in nanoscale. Nanomaterials are
expected to have a much greater surface area per unit volume compared with larger
particles. This property makes them more chemically reactive because atoms at the
surface of some materials do not have covalent bonds as they are in an energetically
unstable state. Since more atoms located at the surface are in energetically unstable
states, nanomaterials are more reactive compared to the bulk materials.

1.3 Nanoparticles

Nanoparticles in principle have sizes ranging between 1 and 100 nm (Rao et al.
2002). Their physical and chemical properties are intermediate those of the atom of
an element and the bulk material. The beneficial aspect of this class of materials as
compared with their bulk (microparticles greater than 1 pm) is often size-
dependency of functions. As the size decreases and approaches the nanoscale,
new and fascinating functional properties develop and become significant, such
as color change and phase transformation. For example, the unique physical
properties of nanoparticles allow high absorption of radiation in photovoltaic
cells that are composed of nanoparticles than does in thin films of continuous
sheets. Other examples of size-dependent property changes could be seen in
quantum confinement in semiconductor particles, surface plasmon resonance in
some metal particles, and in chemical reactivity that is utilized for image formation
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in photography (Lindsay 2009). Increasing the number of surface atoms in a
material often increases surface-to-volume ratio and chemical potentials in the
material (Zhou et al. 2009). The number of surface atoms in solid materials can
be increased by (1) decreasing the size of bulk particles or (2) creating open pore
network within the bulk of the material as illustrated in Fig. 2.2 (Valtchev and
Tosheva 2013). Another unique method is to synthesize nanosized particles
containing accessible and uniform nanopores. The size of nanoparticles is very
instrumental in determining chemical properties. In catalysis, nanoparticles or
nanomaterials play a vital role in improving chemical transformations.

1.4 Nanocomposites

A nanocomposite is a multiphase solid material in which at least one of the phases
has one, two, or three dimensions of less than 100 nm. In other words, a
nanocomposite material is composed of a bulk matrix and at least one nano-
dimensional phase with properties different from those of the matrix. The properties
of a nanocomposite differ considerably from those of the constituent and/or con-
ventional composite materials due to dissimilarities in structure and chemistry, the
exceptionally high surface-to-volume ratio of the reinforcing phase and/or its
exceptionally high aspect ratio. A reinforcement surface area indicates that a
small amount of nanoscale reinforcement has an observable effect on the macro-
scale properties of the nanocomposite. As an example, loading carbon nanotubes
enhances the electrical and thermal conductivity of a conductor bulk material. Also,
some nanomaterials result in enhancing optical, dielectric, and mechanical
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characters and heat resistance. Examples of nanocomposites include porous media,
colloids, gels, and copolymers. The mechanical, electrical, thermal, optical, elec-
trochemical, and/or catalytic properties of a nanocomposite differ markedly from
those of the individual component materials. Size limits for these effects have been
proposed: size <5 nm finds applications in catalysis, <20 nm for making a hard
magnetic nanomaterials soft, <50 nm for refractive index changes, as well as
<100 nm to achieve super magnetism, mechanical strengthening or restricting
matrix dislocation movement (Kamigaito 1991).

2 Nanocatalysis

The application of nanotechnology in petroleum refining is mainly driven by the
creation of nanocatalysts that have led to improvement in the fields of both
homogeneous and heterogeneous catalysis. Nanoparticles are important catalysts
for petroleum processing and energy conversion. The performance of a catalyst is
sensitive to particle size because the surface structure and electronic properties can
change greatly with size (Zhou et al. 2009; Bell 2003). For example, the heat of
adsorption for CO and the activation energy for CO dissociation both change with
increasing the size of Ni particles, consequently, affecting the performance of Ni
nanoparticles in the Fischer—Tropsch synthesis of hydrocarbons from synthesis gas
(Bell 2003). Reducing the particle size of porous materials to nano-dimensions
allows for the optimization of their applications in catalysis. Nanoporous materials
show improved catalytic activity in diffusion-limited reactions, and manipulation of
nanocrystalline suspensions using colloidal chemistry approach results in the prep-
aration of 2D and 3D microporous materials with adjusted characteristics for
catalytic reactions (Valtchev and Tosheva 2013).

Nanocatalysis involves the synthesis and characterization of supramolecular
materials at the nanometer level and their controlled applications (Schlogl and
Abd Hamid 2004). It differs from conventional catalysis since the materials are
explicitly designed to a length scale much larger than that of a single active site. It
has been demonstrated in various reactions that the use of nanocatalyst can decrease
the energy requirements in chemical processes, resulting in a greener chemical
industry. The contribution of nanoscience and nanotechnology may have been seen
as a springing science in catalysis; however, it will be of beneficial interest to clarify
that the selectivity principles by which heterogeneous catalytic reactions proceed
rely exclusively on nanocatalysis, and the use of small particles in technical
catalysis has been operated for ages (Schlogl and Abd Hamid 2004).

Nanoporous materials are fundamental to the modern petroleum refining and the
petrochemical industry. Zeolites, for instance, are employed as key catalysts in
petroleum refining. Zeolites are crystalline aluminosilicate materials with well-
defined pore connection dependent on the particular topology. There are about
230 zeolite framework types (“Database of Zeolite Structures, http://www.iza-
structure.org/databases/”) of which the commonest ones employed in large
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Fig. 2.3 Structure of zeolite Y (FAU). Constructed from (‘“Database of Zeolite Structures, http://
www.iza-structure.org/databases/”)

quantities in the petroleum refining and the petrochemical industry are zeolite Y
and ZSM-5 of FAU and MFI topologies as in Figs. 2.3 and 2.4, respectively. Of
special note is that these zeolites consist in nano-pores that allow for molecular
sieving functionalities in them as shown in Fig. 2.5. So far, their excellent shape
selective properties position them as one of the most important heterogeneous
catalysts practically in use.

The relevant nano-pore sizes (0.74—1.2 nm in zeolite Y and 0.54-1.0 nm in
ZSM-5) afford these zeolites the ability to screen heavier hydrocarbon molecules,
allowing only those with a diameter less than or equal to their pore size to pass
through. For more than five decades, zeolites have contributed immensely to the
growth of the petroleum industry, being a catalyst for the transformation of less
valued crude oil fractions to more valued and desirable products by a process
known as fluid catalytic cracking (FCC). Although zeolites contain inherent
nanosized pores that classify them as nanomaterials, they are usually of micrometer
particle size. Controlling the synthesis conditions of the conventional micrometer-
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Fig. 2.4 Structure of zeolite ZSM-5 (MFI). Constructed from (“Database of Zeolite Structures,
http://www.iza-structure.org/databases/”)
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Fig. 2.5 Molecules diffusion through the zeolite Y pore (~7.4 A). Adapted from (‘“Database of
Zeolite Structures, http://www.iza-structure.org/databases/”)

sized zeolite could result in entirely nanosized zeolites such as nanosheets. For
practical applications in catalytic reactions, it is important to understand the
differences between the nanocrystals and microcrystal zeolites. The nanocrystal
zeolites exhibit high external surface area, which is advantageous for processing
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bulky molecule that cannot penetrate through the small pores and channels of
zeolites. In addition, they have shorter diffusion path lengths than the conventional
micrometer-sized zeolite (Farcasiu and Degnan 1988; Weisz 1995).

2.1 Supported Metal Catalysis
2.1.1 Catalyst Support

The advances in the synthesis of materials for improved catalytic performance of
various reactions have led to exciting strategies for creating catalyst particles that
are of very small size. In most of the applications, these catalysts are sat on porous
metal oxide supports, which have diameters in orders of a nanometer. This strategy
contributes to the production of nanometer length scale catalysts that are very active
and stable under various high reaction severities. Among the widely used support
materials for catalyst fabrication, alumina and silica have received considerably
most applications for reasons pertaining to cost-effectiveness and excellent phys-
icochemical properties as catalyst supports. Aluminas are widely employed as
standard supports for many metal and sulfide catalysts at the industrial scale. For
catalysts requiring relatively low reaction temperature (less than 500°C), such as for
hydrogenation using platinum, palladium, or metal sulfides as active phase, high
surface area alumina can be used. For low-temperature reactions, such as partial
oxidation reactions, transition aluminas are preferable. Stabilized aluminas with
silica or alkali, alkali-earth, or rare earth cations (K*, Ca®*, La>*, etc.) are exten-
sively used for reactions requiring medium to high temperatures. An example is the
case of some endothermic reactions such as steam reforming or partial oxidation
reactions using platinum or rhodium catalysts. Silicas possess excellent mechanical
and thermal stabilities and are also widely used as supports for industrial applica-
tions. Nickel and copper catalysts supported on silica are frequently used for
hydrogenation reactions. In some other cases, silicas are used as stabilizers as a
very little amount is required.

2.1.2 Particle Size Effect of Metal Oxide Supports

The influence of crystalline structure or particle size on the solid-state chemistry of
materials, including metal oxides used as catalyst supports has received great
attention recently. It has long been conceived but came to limelight at the birth of
nanoscience and nanotechnology. Practically, nanostructured catalysts are more
stable materials in comparison to its bulk counterparts for the reason that the
surface-free energy predominates in the bulk. This was first reported for y-Al,O;
with respect to corundum a-Al,O3 (McHale et al. 1997) and for other polymorphic
systems such as anatase-TiO, with respect to rutile (Zhang et al. 2009) as well as
tetragonal ZrO, in comparison to monoclinic zirconia (Zhang et al. 2006).
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Therefore, the easy formation and stabilities of y-Al,O;, anatase TiO,, and tetrag-
onal ZrO, at room temperature are because of their existence in the form of
nanoparticles (Busca 2014). An unpromoted, size-selected Ags clusters and
~3.5 nm Ag nanoparticles on alumina supports can catalyze direct propylene
epoxidation with only a negligible amount of carbon dioxide formation and with
high activity at low temperatures (Lei et al. 2010), whereas bulk Ag catalyst
produces substantial amount of carbon dioxide. Density functional calculations
show that, relative to extended silver surfaces, oxidized silver trimers nanoclusters
are more active and selective for epoxidation reaction because of the open-shell
nature of their electronic structure (Lei et al. 2010). Valence electrons in bulk
metals form continuous bands, and upon reduction of the bulk material in a certain
direction down to the nanometer scale, the motion of electrons in this direction is
subject to confinement (Yang et al. 2015; Valden et al. 1998). In this regard,
compared to bulk metals, nanoparticles exhibit much larger total exposed surface
areas and various combinations of surface structures, and the electronic confine-
ment effects within nanoparticles lead to major changes in the electronic structure
(Valden et al. 1998; Haruta and Daté 2001). This raises the possibility of tuning the
catalytic process. In this way, nanotechnology could provide an effective means
through which the surface structure and electronic properties of supported
nanocatalysts can be effectively controlled without changing their composition. A
very small crystal size of the nanocrystalline zeolite contributes favorably to both
the formation of a high external surface area, with no steric constraints, and to a
faster diffusion of reactant molecules to the acid sites located within the zeolite
micropores (Serrano et al. 2010). This feature leads to catalytic performance
improvement. It is therefore clear that the activity and selectivity of catalyst
nanoparticles are strongly dependent on their size and shape as well as surface
and electronic structures.

Particle size reduction of the active metal offers an invaluable benefit to energy
cost reduction. Au nanoparticles having dimensions less than 10 nm are often used
for various applications including catalysis. In catalysis, selective oxidation of
ethanol in oxygen catalyzed by SiO, supported Au shows an improved activity at
a lower temperature than does the bulk Au catalyst (Zheng and Stucky 2006). This
behavior, besides improved catalytic activity, demonstrates energy conservation
that comes with smaller particle size catalyst. The size of Co particles plays a key
role in determining its selectivity performance. Co nanoparticles with a mean
diameter of 6-10 nm can improve the selectivity of Cs, hydrocarbons than the
bulk Co (Bezemer et al. 2006). In the following sections, selected examples of
petro-refining/chemical processes where nanotechnology finds immense applica-
tions are discussed.
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3 Petroleum Refining Processes

3.1 Catalytic Cracking

Catalytic cracking occurs on solid acids catalysts. Its development in the late 1930s
brought a revolution into the petroleum industry that was previously relied entirely
on thermal cracking. The cracking catalysts are usually crystalline aluminosilicate
solids with acid sites strong enough to cause the scission of carbon—carbon bond in
hydrocarbon molecules. Unlike thermal cracking, the use of powder catalysts pro-
vides alternative routes for cracking by lowering the activation energy for the
reaction. One of the areas where the application of nanoscience has a success
story is the petroleum refining. As mentioned earlier, the use of zeolite catalyst in
the FCC for the conversion of heavy crude oil fractions has been an important
revolution in the petroleum industries since the 1960s, and its significant contribu-
tions are continuously felt hitherto. As of today, over seven million barrel of
petroleum products and chemical are annually produced using the zeolite catalyst
(Zhou 2007).

3.1.1 Nanozeolite

Crystalline zeolites have 3D networks of well-defined micropores (<1.2 nm). With
these pore constraints, only molecules of comparable or size less than the pore
aperture can access the active sites. Catalytic reactions are therefore restricted to the
molecules having a diameter below the pore constraints. Thus, larger feed mole-
cules are then crack on the external surface of the zeolite. The use of nanosized
zeolite could overcome this limitation because as the ratio of external to internal
number of atoms increases when the particle size decreases, the zeolite nanocrystals
present a large external surface area and high surface activity (Vuong et al. 2010).
The improved surface area exposes move acidic sites for catalytic reactions. This
increases catalytic performance due to higher accessibility to active sites. Decreas-
ing the zeolite crystallite size has been demonstrated to increase the conversion and
the selectivity of gas oil (Rajagopalan et al. 1986). Compared with micron-sized,
nanosized zeolites exhibit a higher activity, lower coking activity and longer life in
many reactions. One of the pioneer studies that demonstrate the influence of zeolite
crystal size on catalytic cracking was published in 1986 (Rajagopalan et al. 1986).
NaY zeolite crystals size ranging from 60 nm to 0.65 pm was employed for catalytic
conversion of gas oil in the FCC reaction. The catalyst containing the smallest
particles exhibited improved activity and selectivity to gasoline and light cycle oil
(LCO) as in Fig. 2.6a, b. These improved selectivities were attributed to the
decreased diffusion resistance to the gas oil and produced gasoline in the nanosized
zeolite. With nanozeolite, the conversion of hydrocarbons can be greatly improved.
Vuong et al. (2010) synthesized a series of zeolite Y nanocrystals and compared
their catalytic activity in a standard gas oil cracking test. It was found that small
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Fig. 2.6 Selectivity of heat-treated zeolite particles (2 h at 538°C) to (a) gasoline and (b) light
cycle oil, LCO catalysts on west Texas heavy oil feed. Adapted from Rajagopalan et al. (1986)
with permission from Elsevier. Copyright 1986 Elsevier publishers

nanosized zeolite (25, 40, and 100 nm)-based FCC catalysts exhibited higher
catalytic activities compared to larger ones as illustrated in Fig. 2.7. A correlation
is between gasoline selectivity in FCC feedstock conversion and zeolite particle
size. This performance of zeolite catalysts followed the trend as: FCC-100 < FCC-
40 < FCC-25, which can be explained by the cracking of FCC feed on the external
surface of zeolite crystals.

The intrinsic properties of a catalyst can be modified by reducing the crystallite
size. Nanosized ZSM-2 (~100 nm) has been recently prepared (Covarrubias et al.
2009). This type of zeolite possesses improved acidity, high surface area and
maintains the structural stability that makes it highly attractive for catalytic appli-
cations. The nanosized ZSM-2 zeolite offers as an excellent catalyst support for
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Fig. 2.7 MAT conversion curve for nanozeolites-based FCC catalyst. Adapted from Vuong et al.
(2010) with permission from Elsevier. Copyright 2010 Elsevier publishers

metallocene polymerization. A nanoporous aluminosilicate (MMZysy) obtained
from USY zeolite exhibits high thermal stability and accessibility for oil molecules
in the conversion of bio-oil. When compared with MCM-41, the MMZysy showed
excellent catalytic activity and selectivity due to improved surface acidity (Park
et al. 2008). Catalytic cracking activity on the external surface of nanozeolites of
FAU (zeolite Y) and MFI-type (ZSM-5) was evaluated in 1,3,5-triisopropylbenzene
conversion and compared with conventional micron-sized zeolite Y and ZSM-5
crystals used as reference samples. Smaller crystal catalysts showed higher activ-
ities and an increase in conversion with the time of reaction. The conversion was
high for zeolite Y, as it is related to high amounts of surface acid sites with respect
to ZSM-5 (Morales-Pacheco et al. 2011). Nanosized zeolite Y crystals are
employed in the selective catalytic reduction of NO, with urea (Li et al. 2005).
The reaction rate is significantly higher than that of commercial FAU-type zeolite.
The performance of nanosized crystallites when compared with that of commercial
micrometer-sized zeolite Y is attributed to the larger external surface of zeolite
nanocrystals rich in silanols, and extra-framework Al is found to be responsible for
the higher reaction rate. Additionally, a decrease in the formation of undesired
products like biuret and cyanuric acid is observed on the nanosized catalyst.

Light olefins, usually produced by the thermal cracking of naphtha, are an
invaluable product of the petroleum industry and an important raw material for
the petrochemical industry. Presently, an alternative method for producing light
olefins in large quantities is by catalytic processes. An example is the use of
methane as a source of methanol followed by methanol-to-olefin (MTO) reaction.
The most often used catalysts for this reaction are ZSM-5 and SAPO-34. SAPO-34
shows higher selectivity to light olefins; however, it is rapidly deactivated due to
coke deposition. A decrease in the crystal size of SAPO-34 is expected to reduce the
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coke formation and thus increase the effectiveness factor (Valtchev and Tosheva
2013). Comparing the catalytic properties of nano- and micrometer-sized SAPO-34
crystals in the MTO reaction, the nanosized catalysts exhibit a longer catalyst
lifetime, which is related to the enhanced diffusion and desorption of produced
hydrocarbons, leaving the micropore space unblocked and thus limiting side reac-
tions and coke formation (Hirota et al. 2010).

3.1.2 Synthesis of Nanozeolites

The synthesis of zeolite nanocrystals was somewhat challenging until recently
when practical approaches have become feasible. Like the conventional micron-
sized zeolites which yield particles with dimension of about 1 pm, nanocrystal
zeolites are also synthesized from clear solutions under hydrothermal conditions
(Persson et al. 1994; Mintova et al. 2016; Schoeman et al. 1994). Special attention is
required during preparation of the initial precursor gel to favor the nucleation and
crystallization processes. The number of nuclei in the homogeneous precursor
solution determines the crystal size. Therefore, a system with sufficient nucleation
results in very small crystals (Mintova et al. 2016). Different methods can be
adopted for the synthesis of zeolite nanocrystals, namely, hydrothermal crystalli-
zation, microwave, ultrasonic, confined space, seeding and use of microreactor
(Askari et al. 2013; Jo et al. 2013; Pan et al. 2009; Jacobsen et al. 2000a, b; Schmidt
et al. 2000; Sun et al. 2015, Lv et al. 2013, Hu et al. 2009, Kore et al. 2014; Gao
et al. 2016). Hydrothermal crystallization is the most widely employed method
because of the ease to control the crystallization process. The precursor gel solution
is prepared in such a way to favor the nucleation over the growth of the crystals and
to limit the aggregation between the growing crystals. Furthermore, a number of
other factors have to be controlled to achieve the desirable nucleation. Such factors
include polymerization process during preparation of the initial precursor gel,
hydrothermal treatment temperature, the amount of the metal cation in the colloidal
precursor solution, and the type and concentration of SDA. In addition, alkalinity of
the gel solution, crystallization time, precursor gel molar composition, and zeolite
particle source affect the particle size of the synthesized zeolites and direct the
growth of the crystals to the desired zeolite structure (Covarrubias et al. 2009; Sun
et al. 2015; Davis et al. 2015). High supersaturation and steric stabilization of the
proto-nuclei in the presence of quaternary ammonium cations play crucial roles in
the formation of non-aggregated zeolite nanocrystals (Covarrubias et al. 2009).

In zeolites formation mechanism, generally, amorphous particles are initially
formed and then converted into crystals with changing size. Zeolite nuclei form in
the center and grow outwards until the whole amorphous particles are transformed
into crystalline ones. After heating at a high temperature, larger cubic crystals are
obtained (Mintova et al. 1999). However, other mechanisms of nanozeolite crystals
formation have been reported in the literature. Recently, it has been shown that very
small sized EMT-typed zeolite can be synthesized from template-free Na-rich
precursor system (Ng et al. 2012a, b). The resulting nanosized zeolite which
exhibited a size of 15 x 4 nm along the a and c directions, respectively, was
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possible due to the control of the polymerization process during the preparation of
the initial suspension (Ng et al. 2012a, b) and the low-temperature hydrothermal
treatment that limited the growth of the crystals and inhibited competitive zeolite
structures. Hierarchical beta nanozeolites were synthesized from protozeolite seeds
in the presence of an organosilane as a precursor. It was found that zeolite
crystallization proceeded through a condensed step mechanism, gradually growing
from the evolved nuclei. The organosilane played important roles as a mesoporogen
and a growth inhibitor. The crystal size and mesopore properties of the prepared
hierarchical beta nanozeolites strongly depended on the properties of seeds (Sun
et al. 2015).

3.2 Oxidative Dehydrogenation of Alkanes

Oxidative dehydrogenation (ODH) of propane is an attractive option for propene
production. In the presence of oxygen, the thermodynamic restrictions of dehydro-
genation are overcome and the exothermic character of the reaction renders it an
energetically efficient process (Karakoulia et al. 2009). Vanadia nanoparticles
supported on various oxides ZrO,, Al,O3, MgO, SiO,, TiO,, CeO,, and Nb,Os
are active catalysts for the ODH of alkanes to olefins (Khodakov et al. 1998; Corma
et al. 1992; Wachs and Weckhuysen 1997; Khodakov et al. 1999). A recent study
shows that the ODH activity per atom of exposed V decreases with increasing size
of the vanadia clusters (Khodakov et al. 1999). Support surfaces that covered with
small V,05 clusters containing V-O-V or V==0 linkages lead to high dehydro-
genation rates and selectivities. The composition of the support influences the
speciation of different VOx species and V,0s clusters, and thus the catalytic
behavior of supported vanadia in ODH reactions (Khodakov et al. 1999). Also,
the sizes of preselecting platinum clusters were demonstrated to greatly enhance
ODH of propane to propylene (Vajda et al. 2009). Platinum nanoclusters stabilized
on high surface area supports are 40—100 times more active for ODH of propane
than previously reported for bulk platinum, in addition to exhibiting high selectivity
to propylene over undesirable products. The superior performance of the nano-
platinum catalyst as revealed by quantum calculations indicates that under-
coordination of the platinum atoms is responsible for the high reactivity with
extended surfaces (Vajda et al. 2009). The calculated transition states and interme-
diates in the reaction of C3Hg leading to the formation of propylene on the Pt,
cluster are shown in Fig. 2.8. The “true” barrier to breaking the first C—H bond is
only 0.42 eV. The corresponding barrier referenced to gas-phase propane (the
“apparent” barrier) is slightly smaller (0.18 eV); this barrier is found to be smaller
(0.05 eV) when recalculated on a Ptg cluster. In spite of the small magnitude of the
energetic barrier, this step will probably be rate-limiting because of the very large
entropic loss, and consequently, lower pre-exponential factor, associated with
propane adsorption at high temperatures on the clusters. The other pathways are
thermodynamically downhill to the formation of propylene, which binds to Pt, by
its © bond (Vajda et al. 2009).



52 U.J. Etim et al.
“-!‘ v‘ %

Pt, + CHy(g)

u&, . 095
© P-(H.CH,)

Pt,-(2H.CH,)

Fig. 2.8 Conversion of propane to propylene from DFT calculations for the dehydrogenation of
propane on a Pt, cluster leading to the formation of propylene adsorbed on the cluster. Energies
(in eV) of the equilibrium structures are relative to the reactants. Energy barriers for the transition
state structures are relative to the preceding equilibrium structure (“true” barriers). The first barrier
corresponds to breaking of the first C—H bond (on the CH, group) and the second barrier
corresponds to breaking of the second C—H bond (on a CHj3 group). The dotted lines in the
structures indicate partial bonds. Reprinted with permission from Macmillan Publishers Ltd.
Nature Chemistry (Vajda et al. 2009), copyright 2009

3.3 Desulfurization of Petroleum

Due to stringent regulations by various environmental protection agencies across
the world on the release of poisonous gases to the environment from petroleum
exploitation, desulfurization of commercial fuels is widely practiced in order to
reduce the sulfur content to less than 10 ppm in the refined petroleum products. In
the upgrading of heavy oil via desulfurization, unsupported metal sulfide catalysts
in its natural state are gaining serious attention. To increase the desulfurization
capacity of these catalysts, the particles size need to reduce as much as possible to
eliminate the introduction of toxic sulfur compounds to pre-sulfurize the hydroge-
nation catalysts. This simplifies the application process and improves the efficiency
of the catalysts (Li and Zhu 2012). Several types of sulfur removal are carried out
using metal catalysts. Catalysts based on molybdenum, cobalt, and nickel dispersed
on different supports are effective catalysts for the removal of sulfur from petro-
leum and petroleum products (Li and Zhu 2012; Sudhakar 1998; Mohajeri et al.
2010). The composition, as well as particle size, can play an important role in the
performance of the catalysts. A US patent 20100167915A1 (Mohajeri et al. 2010)



2 Nanotechnology Applications in Petroleum Refining 53

discloses that hydrodesulfurization (HDS) catalysts on nanostructured porous car-
bon supports are excellent for desulfurization of hydrocarbon feedstocks. A
nanocomposite based on anatase-vanadium-polyphosphomolybdate ((TiO,)/
(BuyN)H[PMo;(V,040]) shows a good capacity to oxidatively desulfurize a sim-
ulated gas oil. The nano layer of the anatase phase with a particle size of 20 nm
shows a high S conversion (more than 98%) (Rezvani et al. 2014). The high
oxidative desulfurization (ODS) of gas oil proves an efficient, convenient, and a
practical method for scavenging sulfur compounds with this nanocomposite mate-
rial. Fe@Si—-PMo,(V; nanostructured support as a catalyst for the ODS process
selectively oxidizes sulfides to the corresponding sulfoxides and sulfones under
mild reaction conditions. The catalyst also exhibits excellent activity to remove
sulfur contents in model oil and shows a high potential as an effective catalyst for
deep desulfurization of diesel. The presence of other compounds such as nitrogen
and aromatic compounds can affect ODS conversion. An important characteristic of
this nanocatalyst is its reusability after at least three ODS cycles with a good
catalytic activity (Rafiee and Rezaei 2016). Reusability of the catalyst is an
important consideration in the design of a catalyst for industrial applications. Silver
supported on mesoporous silica nanoparticles exhibits excellent regeneration sta-
bility and maintains high activity up to six cycles (Hauser et al. 2016). This is due to
the reduction of silver ions to silver nanoparticles within the mesochannels of the
extra-framework aluminum. The good behavior of hematite (Fe,O3) nanoparticles
for thiophene decomposition in desulfurization reaction is a result of the unique
properties of the catalyst (Khalil et al. 2015). Among other factors, the size of the
hematite nanocatalyst influences the ability of the catalyst to decompose thiophene.
The catalytic performance increases with an increase in reaction temperature and
the amount of the catalyst but decreases with the particle size and the presence of
hydrogen donor. Hydrogen donor covers the surface of the catalyst and blocks the
active sites. In this reaction, the catalytic process involves a cyclic phase transfor-
mation of some of the hematite to magnetite (Fe30,4) as thiophene is oxidatively
decomposed into its products and reoxidation of magnetite to hematite in the
presence of water as the source of active oxygen (Khalil et al. 2015). Recently,
carbon materials have become excellent supports for various catalysts in different
desulfurization reactions (Mohammed et al. 2017; Guo et al. 2017). Nanocatalyst
composite structure was prepared on various carbon nanotube supports and the
formation of network structure between metal catalysts and CNTs was observed
(Mohammed et al. 2017). These supports enable the homogeneous spreading of the
active CoMo particles within the bulk of CNTs. Experiments using these
nanocatalysts reveal better results than the conventional catalyst (CoMo/Al,03)
in the removal of sulfur from gas oil. An improvement of about 10% in HDS over
conventional catalyst was obtained after 10 h under conditions: 280°C of reactor
temperature, 10 bar of system pressure, and 2 h ™' of space velocity of gas oil, which
were optimum conditions to remove sulfur from the gas oil (Mohammed et al.
2017). In an in situ experiment for upgrading heavy oil, different carbon
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nanomaterials were utilized as catalysts in the HDS reaction with thiophene as a
sulfur-containing model compound. The carbon nanocatalysts possessed an
ultrahigh specific surface area and a good degree of graphitization. It was found
that the graphitization degree of the carbon-based nanocatalysts is of great impor-
tance in the HDS reaction, contributing to catalytic activity. The performance of the
carbon-based nanomaterials demonstrates the potential application of carbon
nanomaterials as metal-free catalysts in in situ upgrading and recovery of heavy
crude oil, which will contribute to a more sustainable chemistry in terms of
production and refining of heavy crude oils (Guo et al. 2017).

Synergism of nanosized materials improves stability and recycling of catalysts
for reusability (Hauser et al. 2016). Zeolites as supports for desulfurization catalysts
synergistically contribute to excellent activities of the catalysts. Crystalline
mordenite nanofibers support with a bundle structure containing parallel mesopore
channels were tested for sulfur removal in HDS. Cobalt and molybdenum (CoMo)
species were introduced into the mesopores and micropores of nano-bundles
mordenite (NB-MOR). The NB-MOR supported CoMo catalyst (CoMo/NB-
MOR) exhibited an unprecedented high activity (99.1%) as well as very good
catalyst life in the HDS of 4,6-dimethyldibenzothiophene and diesel compared
with a conventional y-Al,O5; supported CoMo catalyst (61.5%). The spillover
hydrogen formed in the micropores migrates onto nearby active CoMo sites in
the mesopores, which could be responsible for the great enhancement of the HDS
activity (Tang et al. 2013). These features are crucial for the design and preparation
of multifunctional high activity catalysts for HDS, selective cracking, and hydro-
cracking (Tang et al. 2013). The alumina-nano Y zeolite (Al,0O3-nY) composites
reduce the metal-support interaction and heighten the MoS, stacking degree,
shorten slabs, and enlarge corner Mo atoms. The addition of nanozeolite also
enhances the overall acidity, which improves the HDS activity compared with
NiMo/Al,O;3 catalysts. Synergism of the hydrogenation activity and acid amounts
is responsible for the improved activity (Yin et al. 2011, 2015). The differences in
the basicity and/or acidity of support materials are important contributors to the
performance of desulfurization catalyst (Zhang et al. 2015). A large amount of the
strong basic sites can avoid the polymerization of catalyst species and form small
oxide clusters. On Co-MoS,/NS-MgO, after sulfidation, small MoS, clusters with
shorter lengths and less stacking formed on the NS-MgO contribute to an increase
in the sites available for Co-promotion, resulting in the Co-MoS,/NS-MgO catalyst
with a high HDS activity (Zhang et al. 2015).

3.4 Fisher-Tropsch Synthesis

Fischer—Tropsch synthesis (FTS) is one of the efficient ways to convert coal,
biomass, and natural gas into hydrocarbon derivatives through the intermediacy
of synthesis gas (a mixture of H, and CO) on supported metal catalysts (Jiao et al.
2016). The greatest challenge with this process in the production of olefins is low
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conversion and selectivity to lighter olefins (C,— to C4_). Towards overcoming
these limitations, supported metal nanoparticles have shown high promise as an
effective catalyst for increasing conversion of lower olefins (Lopez and Corma
2012; Galvis et al. 2012). Conversion of syngas to C, through C,4 olefins with
selectivity up to 60 w%, using catalysts that compose of iron nanoparticles,
homogeneously dispersed on weakly interactive a-alumina or carbon nanofibers
supports is reported (Galvis et al. 2012). The use of iron nanoparticles improves
stability of the reaction performed at high temperature, which is necessary to shift
product selectivity to lighter hydrocarbons that is lacking with bulk iron catalysts.
At a high temperature, the undesirable Boudouard reaction, 2CO(g) — C(s) +
CO,(g) (Steynberg and Dry 2004), leads to the deposition of carbon, which can
block the active sites and induce fragmentation of the particles in bulk iron catalysts
(Shroff et al. 1995). The mechanical and thermal instabilities of the bulk iron oxide
catalysts also result in the plugging of the catalyst bed in fixed-bed operation or in
the fouling of separation equipment in a fluidized-bed process (Galvis et al. 2012).
Compared with bulk Fe, the nanoparticle Fe catalysts display improved catalytic
performances under industrial relevant conditions as shown in Fig. 2.9. It is also
very clear that the support type exhibits significant effects on the performance for
nano-Fe catalyst. After an initial activation period, Fe/b-SiC, Fe/CNF, 25 wt%Fe/a-
Al,03, and Fe/y-Al,O5 show stable catalytic activities for up to 60 h (Galvis et al.
2012). The stability maintained during this time fully complies with the require-
ments for the application of catalysts in fluidized-bed reactors relevant in industrial
applications of the exothermic FTS to olefins process.

The supported and bulk Fe catalysts tested in the FTS reaction at 1 bar and
350 °C at low CO conversion (0.5-1%) restrict secondary hydrogenation of olefins
as shown in Table 2.1 (Galvis et al. 2012). Catalytic activity is expressed as iron
time yield (i.e., the number of CO moles converted to hydrocarbons per gram of
iron per second). A high initial activity is observed for Fe/b-SiC and Fe/CNF over
15 h. In Table 2.2, the activities and product selectivities measured after 64 h of
reaction at 20 bar are displayed. The CO, selectivity for all the samples is approx-
imately 40% on the basis of CO converted. The promoted catalysts prepared using
supports with low interaction with iron show high catalytic activities combined
with high selectivities to the desired products (Galvis et al. 2012).

Cobalt nanoparticles supported on mesoporous zeolites are effective catalysts
for FTS (Cheng et al. 2015; Peng et al. 2015; Sartipi et al. 2014). The cooperative
interplay of the Co sites and the acid sites on the zeolite forms a bifunctional
catalyst that exhibits better performance than a monofunctional catalyst. A bifunc-
tional catalyst consisting of uniform-sized Co nanoparticles and mesoporous
H-ZSM-5 has been demonstrated to be effective for CO hydrogenation and hydro-
cracking/isomerization reactions (Cheng et al. 2015). The bifunctional catalyst was
found to be promising for the direct production of gasoline-range (Cs_;;) hydro-
carbons from syngas. The Bronsted acidity in the zeolite results in hydrocracking/
isomerization of the heavier hydrocarbons formed on Co nanoparticles, while the
mesoporosity contributes to suppressing the formation of lighter (C;_4) hydrocar-
bons. The selectivity for Cs_;; hydrocarbons could reach about 70% with a ratio of
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Fig. 2.9 (a—d) Catalytic performance of iron catalysts for the FTO process at 20 bar. Catalytic
tests were carried out at T = 340 °C, P = 20 bar, and a H,/CO ratio of 1. Iron time yield is plotted
above as a function of time for (a) Fe-supported catalysts and (b) bulk Fe catalysts. Methane and
lower olefins yields are plotted below as a function of time for (c¢) Fe-supported catalysts and (d)
bulk Fe catalysts. The product yields were obtained at CO conversion levels between 70 and 80%.
Adapted from Galvis et al. (2012). Reprinted with permission from The American Association for
the Advancement of Science

isoparaffins to n-paraffins of approximately 2.3 over this catalyst, and the former is
markedly higher than the maximum value (ca. 45%) expected from the Anderson—
Schulz—Flory distribution (Cheng et al. 2015).

3.5 Other Reactions

Nanozeolite clinoptilolite supported rhodium nanoparticles (Rh/NZ-CP) were
tested in the hydrogenation of arenes, nitroarenes, and alkenes under moderate
reaction conditions. The nanocatalyst contains 2 wt% Rh of particle sizes in the
range of 5-20 nm distributed on the zeolite. The catalytic performance of Rh/NZ-
CP improves significantly, and the catalysts could be regenerated by a simple
process and reused for many times without significant decrease in activity and
selectivity. The high catalytic activity, thermal stability, and reusability present the
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Table 2.1 Product selectivity and catalytic activity at 1 bar

Selectivity (%C)
Cy—Cy Cy—Cy
Sample® FTY (107° mol.o/gre-S) CH, Olefins Paraffins Cs,
Fe/CNF 1.41 23 61 4 12
Fe/a-Al,053 (12 wt%Fe) 0.65 22 61 4 13
Fe/p-SiC 6.52 31 58 4 7
Fe/SiO, 0.14 38 56 5 1
Fe/y-Al,0O4 0.07 54 44 2 0
Fe-Ti-Zn-K 0.13 33 16 1 0
Fe-Cu-K-SiO, 0.20 43 46 2 9
Bulk Fe 0.08 76 21 2 1

From Galvis et al. (2012). Reprinted with permission from The American Association for the
Advancement of Science

“Catalytic tests were performed at 350°C and an Hp/CO ratio of 1; results after 15 h on stream are
shown (CO conversion: 0.5-1.0%). The product mixture that was analyzed consisted of C;—C;4
hydrocarbons. Iron time yield (FTY) represents moles of CO converted to hydrocarbons per mol of
Fe per second; %C is defined as carbon atoms in a product with respect to the total number of C
atoms in the hydrocarbon mixture

Table 2.2 Catalytic performance at 20 bar

Selectivity (%C)
FTY C,-C, |Cy—Cy
Sample® (10’5 mol.o/gr.-S) | CHy |olefins | paraffins | Cs, | Oxygenates
Fe/CNF 2.98 13 52 12 18 5
Fe/a-Al,05 (6 wt%Fe) 8.48 24 35 21 10 10
Fe/a-Al,O5 (12 wt%Fe) |2.66 17 39 19 14 11
Fe/a-Al,05 (25 wt%Fe) | 1.35 11 53 6 21 9
Fe/p-SiC 6.38 35 19 39 4 3
Fe/y-Al,04 0.25 49 33 11 1 6
Fe-Ti-Zn-K 0.49 24 28 29 10 9
Fe-Cu-K-SiO, 1.12 26 36 12 18 8
Bulk Fe 0.57 30 32 18 14 6

From Galvis et al. (2012). Reprinted with permission from The American Association for the
Advancement of Science

ICatalytic tests were performed at 340°C and a H,/CO ratio of 1; results after 64 h on stream are
shown. The product mixture that was analyzed consisted of C,; to C;o hydrocarbons

catalyst as an attractive option when compared with the conventional (Baghbanian
et al. 2015).

The catalytic cracking of n-hexane over nano-ZSM-5 zeolite (MFI-type zeolite,
Si/Al = 150 and 240) catalysts was tested at reaction temperatures ranging from
823 to 923 K under atmospheric pressure (Konno et al. 2012). The catalysts,
compared with the micron-sized zeolite, exhibited a higher n-hexane conversion
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with stable activity up to 50 h (Table 2.3). The Thiele modulus and the effectiveness
factors for the reaction using ZSM-5 zeolites with different crystal sizes are
presented in Fig. 2.10 and Table 2.4. It can be clearly seen from Table 2.4 that
the effectiveness factor for MFI (S)150, that is, small crystallite size MFI with Si/Al
of 150 is 1.0, indicating that the catalytic reaction in MFI(S)150 proceeded under
reaction-controlled conditions (Konno et al. 2012). The large external surface area
and low diffusion resistance of the nanozeolites reduce the effect of pore plugging
due to coke deposition (Yin et al. 2014). For this reason, the application of
nanozeolite in the catalytic cracking of n-hexane is effective in stabilizing the
catalytic activity. Similarly, in the cracking of n-hexane and naphthenes, (cyclo-
hexane and methyl-cyclohexane), coke was readily formed from the beginning of
the reaction leading to significant deactivation of the catalyst for micron-sized
ZSM-5 (Konno et al. 2013). For ZSM-5 catalysts, regardless of the reactant, the
nanoscale ZSM-5 exhibited a high conversion and a high light olefins yield with a
stable activity. As a result, the application of nanoscale ZSM-5 zeolites to the
catalytic cracking of naphtha is effective and gives light olefins with high yield and
excellent stable activity. Nanosized f-zeolites for the isomerization of hexane are
also active with good selectivity to branched isomers because of the high external
surface area of the small particles of the nanosized f-zeolites and the rapid diffusion
of the reactants and products (Sakthivel et al. 2009).

In another report, methanol conversion to light olefins was investigated over
SAPO-34 nanocatalyst with a crystal size of about 50 nm, and its catalytic proper-
ties were compared with those of 600 nm SAPO-34 catalyst (Askari et al. 2012).
The product distribution over the two catalysts was almost the same, but their
deactivation behaviors differ considerably. SAPO-34 catalyst with large crystal
deactivates faster than SAPO-34 nanocatalyst. This variation in the deactivation of
the different SAPO-34 crystallites is attributed to the number of accessible cavities
near their external surface and the diffusion limitation of the reactant and product
molecules. Due to a shorter diffusion length, the residence time of the produced
hydrocarbons is short, resulting in the long catalyst lifetime of the SAPO-34
nanocrystals. Incorporation of a stabilizer into active catalysts could influence
their performance. Boron incorporation into H-ZSM-5 nanocatalyst results in the
isomorphic substitution of B into the framework of H-ZSM-5 (Yaripour et al.
2015). The interaction between B species and H-ZSM-5 reduces the strong acid
sites and generates new weak acid sites which modify the densities and distributions
of acid sites on the [B]-HZSM-5. This raises the lifetime of the modified zeolite in
MTO reaction up to 1300 h compared to that of the conventional reference sample
340 h (Yaripour et al. 2015). However, propylene selectivity does not change
significantly with the substitution of B in H-ZSM-5. The deactivated catalysts
reveal that incorporation of boron improves coke resistance of the ZSM-5
nanocatalyst. The considerable enhancements of the lifetime and catalytic stability
are attributed to the reduction of strong/mild acid sites ratio as well as small crystal
size of the [B]-H-ZSM-5 nanocatalyst. In summary, the boron-modified ZSM-5
nanocatalyst exhibits more stable catalytic performance and longer catalytic life-
time for the MTO reaction.
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Fig. 2.10 Relationship between the Thiele modulus and the effectiveness factor in n-hexane
cracking at 923 K over ZSM-5 zeolites (Si/Al = 150) with different crystal sizes. Adapted from
Konno et al. (2012) with permission from Elsevier. Copyright 2012 Elsevier publishers

Table 2.4 Effectiveness factors of ZSM-5 zeolites (Si/Al = 150) with different crystal sizes in
n-hexane cracking at 923 K

Reaction rate constant Thiele modulus Effectiveness factor
Sample k (m3 kg{1 sfl) ¢g (mc) ng (mc)
MFI(S)150 (1.04) 15072 (5.38) 15072 1
MFI(M)150 - (8.97) 1507 1
MFI(L)150 - 1.38° 0.65
Coked MFI(S) 150 8.27 MFI 3 9.03 MFI ! 0.8
Coked MFI(L) 150 4.24 MFI? 241 0.41

Reprinted from Konno et al. (2012) with permission from Elsevier. Copyright 2012, Elsevier

publishers

“Theoretical value calculated from reaction rate constant of MFI(S)150
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4 Concluding Notes and Future Perspectives

The relationship between nanoscience/nanotechnology and catalysis offers huge
opportunities for improvements in petroleum processing. The utilization of
nanoporous materials as supports and as active catalysts and metal nanoparticles
for catalysis traverses various petroleum refining processes. The tremendous ben-
efits the nanoscale materials possess over their micron-sized counterparts are due to
their intrinsic size-dependent properties. The formulation of ideal nanoparticles to
improve a process efficiency requires careful designed and controlled experiments.
The improvements of several features make them a better choice. The properties
that make them ideal candidates for petroleum processing include a greater surface
area to volume ratio due to tiny particle size, and thermal and catalytic stability.
Although the physiochemical characteristics of nanoparticles, such as phase, struc-
ture, or behavior, may be influenced by the method of preparation and the nature of
the environment in which the nanoparticles are subjected to, the extent of these
factors on the particle properties can also be size dependent and therefore can be
controlled. Phase transformation in a metal nanoparticle catalyst could lead to the
catalyst deactivation. However, it is not true in the case of nanoporous materials
such as zeolites. The large external surface area to volume ratio decreases the
tendencies of coke formation, which causes catalyst deactivation. Metal catalysts or
solid acidic catalysts (such as zeolite) are utilized extensively in the petroleum
industry, for example, in catalytic cracking hydrocracking, hydrodesulfurization,
isomerization, reforming, and dehydrogenation.

The desire for improved catalysts with high activity, low deactivation, and low
coke formation to increase production to meet the growing demand for chemicals
and fuels are increasingly necessitating the exploitation of nanoparticles as cata-
lysts, and there are even more opportunities lying to be explored using the potentials
of nanotechnology. The inherent stability of nanoparticle catalysts and their bifunc-
tional catalysis potentials provide even more future opportunities for many appli-
cations, such as the catalytic application to renewable fuels. Nanotechnology will
continue to improve the future of petroleum refining explorations and exploitations.
It is expected that lower energy consumption, extended lifetime of catalyst system
and reduced amount of materials and reuse of nanomaterials will offer more
environmentally friendly catalysts in the future.
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Chapter 3

Advances in Nanocatalyzed
Hydrodesulfurization of Gasoline and Diesel
Fuels

Tawfik Abdo Saleh and Ibrahim Munkaila Abdullahi

Abstract This chapter is aimed toward providing a general overview of the signif-
icant progress that desulfurization technology has brought to the oil and gas indus-
tries. Organosulfur compounds are known to release various environmentally
harmful sulfur products into the atmosphere from the combustion engines of vehicles,
leading to a serious environmental threat. Efficient removal of these sulfur com-
pounds from diesel and gasoline fuels that we inevitably use in various capacities
every day is therefore paramount. Various desulfurization technologies have been
developed over the years to address this issue, and one of the most efficient and cost-
effective approaches is transition metal-catalyzed hydrodesulfurization (HDS). Sev-
eral nanocatalysts have been designed for this purpose. The chapter encapsulates
some of the various ways in which these catalysts are being prepared, including
doped nanocatalysts which are relatively unexplored for this application. It also
includes a discussion and examples of their activities in the desulfurization reactions.
The limitations are discussed, as well as possible ways to improve their sulfur
removal efficiency. Furthermore, some of the commercially employed HDS catalysts,
including feedstock, the reaction conditions they work best under, the type of reactor,
and various factors affecting the hydrodesulfurization reactions are discussed, along
with illustrations. The HDS mechanism is another important aspect of desulfurization
that was thoroughly reviewed, including a discussion of the suggested pathways for
the hydrodesulfurization of dibenzothiophenes (DBTs) and their derivatives, in
addition to the toxic processes of HDS catalysts. Finally, the ongoing research on
improved desulfurization processes, specifically the deep HDS of diesel and gasoline
fuels in order to comply with the current standard for sulfur removal specifications, is
also briefly addressed in this chapter.
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1 Introduction

Crude oil has been known to be one of the most substantial energy sources, serving
as the most wide reaching of all sources. It comprises a mixture numerous organic
compounds. The use of fuel for transportation is the key area where crude oils are
primarily used substantially, e.g., gasoline in automobiles, diesel for some cars and
trucks, and jet fuel for aircraft. Crude oils may have different forms of impurities
present in them, but the most common of all are the sulfur compounds. Liquid (oil)
fuels among other fuel types contain sulfur which ultimately resorts to direct sulfur
(IV) oxide (SO,) emission, in addition to other sulfate particulate matter (SPM) that
endangers lives and property in public communities and promotes corrosion,
reduces the life span of refinery engines. In addition, the emission control technol-
ogy developed to meet NO, and SPM emission specifications may be significantly
affected by the presence of sulfur compounds in the diesel engines exhaust gases
(Srivastava 2012). Various industrial catalysts such as sulfur-based transition metal
catalysts have been widely employed in hydrotreatment refining applications of
petroleum, e.g., hydrodesulfurization and hydrodenitrogenation, hence, these cata-
lysts are considered industrially vital in the oil industry. These industrial catalysts
are in general formed from Group VIII (Co or Ni) mixed with sulfides of an element
in Group VIB (Mo or W). Commercial molybdenum catalysts promoted with Co- or
Ni- commonly supported on alumina are employed in petroleum hydrotreatment
applications. Some important characteristics of alumina support that makes it to be
widely employed include high active metal phase dispersion (Vasudeven and Fierro
1996) and its excellent mechanical properties. Intensive researches since the last
few decades have pointed out that its promising physical properties are owing to the
rather strong chemical bonding interactions present between the transition metal
oxides of precursor states and amorphous alumina (Topsge and Clausen 1986).
Ultra-trace removal of sulfur has become highly attractive as a result of sulfur
amount excessively increasingly in the crude oils as well as decline in the allowable
limit of the amount of sulfur in diesel and gasoline fuels by specifications regulatory
bodies. Diesel and oil of low-sulfur content is highly desirable for a safe and
friendly environment. The challenge of removing sulfur from FCC naphtha has
predominated the recent gasoline desulfurization problem, contributing at least
one-third of gasoline pool but over 90% of sulfur in gasoline; this sulfur results in
the release of SO, in air from combustion engines of vehicle leading to air pollution.
It is essential that deep gasoline sulfur removal or diesel sulfur must be made,
without any decrease in octane number nor loss in the yield of gasoline.
Hydrodesulfurization (HDS) is no doubt among the most regarded processes
necessitated to produce diesel fuel of low-sulfur content to as low as below 0.05 wt.
% which is in accordance with the reported raising challenge for the environmen-
tally accepted clean fuel with the least increment in production cost. It has been
previously reported that alkyl-dibenzothiophenes derivatives with 4- and/or 6-alkyl,
for example, 4,6-dimethyl-dibenzothiophene (4,6-DMDBT), exhibited far lower
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reactivity in HDS than the unsubstituted dibenzothiophene counterpart (Ma et al.
1995). Generally, the desulfurization of light fractions; constituting high proportion
of reactive sulfur-based compounds, e.g., alkyl-benzothiophenes much easier and
faster (less reaction time; first few minutes) than heavy fractions; constituting
relatively less reactive sulfur-based compounds. For example, alkyl-
dibenzothiophenes are difficult to desulfurize under regular HDS techniques
(Ma et al. 1995).

2 Processes of Desulfurization Technology
in Oil and Gas Industries

Modern refineries are highly integrated industrial plants, with primary assignment
of efficiently converting various complex crude oil mixtures feed into high yields of
desired valuable products. For this reason, more research efforts are considered to
improve conventional hydrodesulfurization and develop substitutes for desulfuri-
zation technologies like oxidation-extraction called also oxidative desulfurization
are always on the rise. Others are biodesulfurization and selective adsorption, for
adequate removal of refractory sulfur compounds present in petroleum products
(Srivastava 2012). Cracking, hydrogenation, reforming, blending, extraction, and
distillation are some of the crucial physical and chemical processes employed in
refineries to convert crude oil to higher value desirable products (Babich and
Moulijn 2003). At present, in order for refineries to meet dynamic societal needs
with regard to quality of products and other specifications, there is a need to
upgrade the existing refining technologies, while researching for innovatively
more advanced technologies. Co- and Ni-promoted MoS, have shown promising
catalytic activity in HDS, and thus, a catalytic system of MoS, promoted with Co or
Ni have widely been used in HDS catalytic processes. (Moses et al. 2009). The
refinery streams of sulfur containing gasoline becomes an environmental threat
when gasoline of S > 30 ppm is produced, and the need to treat such gasoline
becomes necessary. Advanced and conventional Co—Mo and Ni—Mo catalysts have
demonstrated high degree of usefulness in their ability to remove sulfur reasonably
at high level. On the other side, hydrogenation of unsaturated compounds (olefins)
should be minimized as it leads to simultaneous fall in octane number of gasolines.
Product yield and specifications are used to rate the efficiency of process applica-
bility. Catalysis based on conventionally employed HDS technologies have been on
the rise for better improvement, while in recent years, more sophisticated desulfur-
ization techniques providing efficient ways of removing sulfur as well as increasing
the octane number are highly desirable (Babich and Moulijn 2003; Saleh and
Danmaliki 2016a).

The basic classifications of desulfurization could be grouped based on the
following classes:

1. Nature of employed process; whether physical, chemical, or both
2. Organosulfur compounds fate during desulfurization
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Fig. 3.1 Organosulfur compound-based classification of desulfurization process

3. The role played by hydrogen in the process

Starting with the organosulfur compounds transformation, the process can be
subdivided into three main categories, depending on whether decomposition of the
sulfur compounds takes place or not, refinery stream separation without sulfur
elimination, or both processes (Fig. 3.1). In the first category, the organosulfur
compounds decompose into solid sulfur or gaseous products, while the hydrocar-
bon, on the other hand, remains in the refinery streams and is recovered. The most
common illustration of this specific process type is the conventional HDS.

The second category simply separates the organosulfur compounds from the
refinery streams. Many processes like this usually transform the organosulfur
compounds first into easily separable components from the refinery streams. How-
ever, the two challenges associated with desulfurization of streams by separation
are that it may lead to the loss of some desired product as well as the disposal of the
retained organosulfur molecules. In the third process type, decomposition in a
single reactor, as well as separation of organosulfur compounds from streams in
separation vessels are carried out simultaneously. The joint processes from the root
for several technologies which may be very reliable for producing fuels of ultra-low
sulfur contents at industrial scale. An interesting example of this special category of
the process is the catalytic distillation desulfurization.

Another form of desulfurization processes which depends on the role hydrogen
plays in sulfur removal, this classification is the one based on:

1. HDS processes
2. Non-HDS processes

HDS processes employ hydrogen for the decomposition of organosulfur com-
pounds and sulfur elimination from refinery streams; this may involve several pre-
or post-distillation treatments of refinery streams with hydrotreatment to enable the
specifications of desired fuel maintained. On the other hand, hydrogen is not
involved in the non-HDS processes.
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Fig. 3.2 Nature of a key process classification of desulfurization technologies for sulfur removal

The last but not the least form of the desulfurization processes classification is
based on the nature of employed processes; physico-chemical processes (Fig. 3.2).
Catalytic conversion of organosulfur compounds involving the elimination of sulfur
is the most advanced and commercialized technologies. Examples of such technol-
ogies to maintain good fuel specifications are conventional hydrotreatment,
hydrotreatment in reactor design in the presence of high active catalysts, and
hydrotreatment combined with some chemical processes. One major characteristic
of the technologies of the last-mentioned example is the employment of physico-
chemical processes involving major step such as adsorption, extraction, distillation,
alkylation, oxidation, or the combination of one or all of these processes, which has
an entire different approach from the separation and/or to transformation of
organosulfur compounds from refinery streams by catalytic HDS. For example,
the adsorption process requires adsorbents which take up the sulfur molecules
selectively from the crude oil sample. A nonreactive, porous substrate that permits
the greatest surface area for adsorption is used to hold the active adsorbent.
Adsorption is said to take place when there is attachment of sulfur molecules to
the adsorbent on the substrate; this remains adsorbed and hence separated from the
fuel. Although the method requires low temperature and pressure and may be
relatively cheaper, it is not as promising as the catalytic transformation methods
(Srivastava 2012).
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HDS is a refining process that has a well-established commercialization protocol
that involves heating the mixture of a feedstock and hydrogen, in the presence of a
catalysts for the essence of sulfur removal. Both the streams from conversion units,
e.g., fluid catalytic cracking (FCC) and hydrocracker units and distillate streams
obtained during direct distillation of crude oil are desulfurized by the refineries.
Depending on the nature and the design of the refinery, HDS can be carried out
either before or after FCC. Although due to the poisoning effect of sulfur on Pt,
HDS must be carried out before feedstock reforming. H,S liberation occurs as a
result of sulfur reduction occurring in the HDS reactor; this is gradually removed
from the flue gas by amine scrubbing. Today, HDS is the most employed desulfur-
ization technology employed although processes like caustic washing is performed
as well, basically to remove low molecular weight thiols. Majority of HDS oper-
ations in addition to removing sulfur, also help to get rid of nitrogen compounds as
well as some metal impurities. In order to meet up with the specifications of ultra-
low sulfur on fuels that are produced from straight-run streams, refineries system-
atically control the appropriate catalysts selection as well as the hydrogenating
conditions. The challenge, however, comes up when dealing with the desulfuriza-
tion of other steams originating from the conversion units, which usually include
the refracted sulfur compounds. The currently practiced HDS processes was
improved for the removal of sulfur from the derivatives of DBT using a zeolite
catalyst supported by nickel (Isoda et al. 2000). In this technology, mainly two steps
are involved.

1. Passing hydrogen gas at a pressure of 250 Pa, at 270 °C for 1 h and is the
optimum reaction condition for the first step.

2. Further desulfurization of the products is carried out by passing hydrogen gas at
a pressure of 250 Pa, over a CoMo/Al,0O5 catalyst at 300 °C for 2 h, for the
removal of 4,6-DMDBT.

The need for a relatively elevated temperature, high pressure as well as several
steps associated with this desulfurization process adds to the overall cost of running
the refineries and hence are the major disadvantages of the process.

3 Hydrodesulfurization of Diesel and Gasoline Fuels

In refining process, sulfur compounds are generally unwanted, this is because aside
having pollution and health effects from the sulfur oxide gases they produce, they
usually turn some catalysts employed inactive in processing crude oil, as well as
causing problems of pipeline corrosion in refining and pumping equipment. For
these, desulfurization is highly necessary to have a safe fuel for various applica-
tions. Diesel fuel oil deep hydrodesulfurization (HDS) principally targeting alkyl-
dibenzothiophenes such as 4-methyl- and 4,6-dimethyldibenzothiophenes for deep
HDS was designed through various stages and fractional HDS to obtain a satisfac-
tory sulfur level as well as the fluorescent color of desulfurization oil product was
reported by 1. Machida et al. The multi-stage hydrodesulfurization process of diesel



3 Advances in Nanocatalyzed Hydrodesulfurization of Gasoline and Diesel Fuels 73

Fig. 3.3 Advantages of
microwave heating Advantages of microwave assisted heating

technique desulfurization

—> Great viscosity reduction ratio over 96%

—  Short reaction time (less than 1 hour)

= Low required temperature

b Long viscosity regression time.

fuel is carried out at a 2.9 MPa pressure, initially over Co—Mo at 360 °C for a
duration of 30 min, reducing the sulfur level to 0.092 wt.%. This is followed by
carrying out the process over Ni-Mo at a temperature of 360 °C for a duration of
20 min, further decreasing the sulfur level to 0.035 wt.%, and finally, performing
the process once again over the same Ni—-Mo catalyst but this time, at a relatively
lower temperature of 260 °C makes it possible to achieve an overall sulfur level of
about 0.016 wt.% low and reaction time of 60 min. The results obtained satisfy the
acceptable sulfur level as well as the reaction time (Mochida et al. 1996).

There are some important parameters that affect the deep HDS of diesel fuels. To
start with, inorganic reactants and products including hydrogen, ammonia, and
hydrogen sulfide if present could remarkably influence the hydrodesulfurization
reaction rate as shown by numerous works that adopt model feed. However, for
commercial units deep HDS, the partial pressures of these gasses encountered
deviate considerably from those usually employed in model feed studies. Further-
more, unlike the data for many pure compounds, obtained in gas-phase or vapor-
phase study, the hydrodesulfurization of gas oil is a liquid-phase reaction. And it is
often not an easy task to correlate the data obtained at the interface gas-solid and
liquid-solid, although, interestingly, another work finding illustrates that many
similarities are exhibited with the hydrodenitrogenation of quinoline carried out
in the liquid phase and vapor phase (Satterfield et al. 1975).

Several techniques can be used for upgrading heavy crude oil into lighter one.
Although high temperatures are required for the methods usually in use, other
setbacks include health-threatening environmental pollution as well as long reac-
tion time. The use of carbon-based nanocatalysts in heavy crude oil upgrade was
reported to have significant impact in the oil upgrading process by efficiently
upgrading the heavy oil into lighter ones at a considerably lower temperature of
about 150 °C. Microwave-assisted heating is used to elevate the temperature of
crude oil. This proposed technique was found to have the advantages, shown in
Fig. 3.3. Thus, upgrade transformation of heavy crude oil to lighter ones could be
more environment-friendly and cost-effective (Li et al. 2014).
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4 Nanocatalysts Design

The catalytic activities of most sulfides of transition metals have been tested
towards HDS (Pecoraro and Chianelli 1981). When their activity was investigated
individually towards HDS, they were found to vary across the periodic table over
three orders of magnitude. Most of the metals of the second and the third rows were
literally found to be the most active catalysts. This varying activity among the
metals could be attributed to the structural nature as well as electronic properties.
The employed catalysts in the refractory sulfur species desulfurization are designed
in two possible approaches:

1. The first method relays on finding a catalyst that could selectively hydrogenate
the refractory sulfur species among the major presence of polyaromatic hydro-
carbons. In the presence of H,S, Ru is one of the most promising noble metals
reported to be highly active (Hirschon et al. 1987).

2. The second approach involves the elimination of the steric hindrance in DBT
skeleton to the desulfurization by the isomerization of their methyl groups. A
Co—Mo/Al,O; catalyst-containing zeolite is more preferred as it exhibits slightly
more promising activity than commonly employed Ni-Mo/Al,O3 and Co—-Mo/
Al,O3; this was justified from the higher conversion of 4,6-DMDBT it showed,
confirmed from the analytical data of the product, which indicates the methyl
groups disproportionation and isomerization (Mochida et al. 1996).

Trickle-flow experiments were carried out in accordance with the guidelines
reported by van Looij et al. (van Looij et al. 1998; Sie 1995), using the catalysts:
CoMo/Al,O5 and a NiMoP/Al,O5 (Criterion Catalyst Company). A stainless-steel
reactor of an internal diameter of 15 mm was loaded with 20 mg catalyst, diluted
with SiC, after which the drying of the catalyst takes place at 450 °C for a period of
2 h. The influence of internal mass transport on the reaction rate was minimized by
adopting catalyst bodies of a sieve fraction of 180—600 pm: according to the
reported study, an efficiency factor of >0.95 was obtained under the conditions
employed (Gosselink and Stork 1987). Additionally, experiments have verified that
the use of viz. 180-250 mm which are even much smaller catalyst bodies, virtually
the same HDS activity observed, confirming that according to the reported inves-
tigations, the limitation associated with internal diffusion was negligible. Several
catalytic systems have been designed for various HDS processes, most of which are
Co-, Mo-, and Ni-based catalysts supported on alumina with one metal serving as
promoter, commonly Mo. The reaction is carried out in specialized types of reactors
with reactions optimized for each specific catalyst adopted. Table 3.1 below shows
the summary of catalyzed that have been designed and applied in various capacities,
the reaction system used and its optimum conditions.

The resistance of sulfur to noble metal catalysts has been an area of emphasis for
several studies due to its significance in desulfurization processes (Cooper and
Donnis 1996). In recent times, a novel strategy for the design of sulfur-resistant
noble metal catalysts was proposed for the production of clean distillate fuels, by
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employing low-temperature hydrotreating of sulfur-containing distillates (Song
1999), diesel fuels, and jet fuels are examples. Special zeolites-supported noble
metals were invoked in the proposed design concept, which utilizes the following
(Song 1999):

» Selective exclusion based on shape
» Spillover of hydrogen
¢ Two sulfur resistance types

Noble metal particles bimodal distributions could be prepared from special
zeolite supports. The pore sizes of the metals vary from small (pore opening of
about 5 A or less) to large (6 A pore opening or larger).

Note: according to [UPAC recommendation, pores are classified as:

. macropores: pores with widths exceeding about 50 nm
. mesopores: pores of widths between 2 nm and 50 nm
3. micropores: pores with widths not exceeding about 2 nm

N =

Some materials are categorized by small pores whereas others will be contained
in large pores. It is of interest that distribution of the two pores is uniform or their
systems interconnect, so that they are as close as possible. Size inhibition may occur
when some relatively bigger organosulfur compounds, e.g., thiophenic molecules
try to diffuse into the small pores leading to “selective exclusion based on shape.”
On the other hand, the larger pores (micropore or mesopore size range) would
permit fast diffusion preferentially as well as allowing bulky polycyclic aromatic to
reaction with sulfur compounds. The thiophenic molecules are small enough to
penetrate the large pores but big enough to be blocked by the small pores. H,
molecules, on the other hand, are very special in that, they are small enough to enter
both pore types quite readily, get dissociatively adsorbed on the available metal
around, and be conveyed between pore systems by means of spillover. This
spillover hydrogen plays a vital role in recovering poisoned metal sites via the
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elimination of R-S-R and R-S-H; this poisoning occurs when adsorbed sulfur
deactivates the metal in the large pores. The classification of sulfur resistance
based on types; type I implying resistance to organic sulfur compounds and type
II implying resistance to inorganic H,S is of paramount importance. A higher type
II sulfur resistance is an expected property exhibited specifically by small pores
metal species. Figure 3.4 shows an elegant scheme of the proposed novel concept
(Song 1999).

S Doped Nanocatalysts Preparations

Preparation approach for catalyst synthesis generally has a significant effect on the
catalyst activity for any specific type of transformation or reaction. There are very
limited reports in documented literature illustrating the effect of the method of
catalyst preparation has on HDS. Although, it is yet to be well understood, the
reasons why catalyst developed by one have better activity than that developed by
another method. The effect CoMo/silica catalysts on thiophene HDS has been
studied and reported (Venezia et al. 2002). Two possible methods can be used to
prepare the catalysts, namely, incipient wetness impregnation/co-impregnation
route and the complete sol-gel method; a control catalytic system was prepared
by supporting the catalysts on a commercial silica, and the results were compared.
The highest activity was found to be exhibited by the sol-gel silica supported
catalyst with the two co-impregnatedly loaded metals in the presence of
nitrilotriacetic acid. Equilibrium deposition filtration (EDF) technique was
employed for the preparation of CoMo/Al,O5 catalyst by Mo precursor deposition,
and the subsequent dry impregnation deposition of Co precursor; these gave rise to
the catalysts with higher activity as compared to those prepared by the regular
co-EDF and those by the technique of conventional impregnation (Papadopoulou
et al. 2003).

The preparation of HDS catalysts can be done by the technique of incipient
wetness impregnation of Ni-Mo(W) and Co—-Mo(W) species over zirconium-doped
siliceous MCM-41 (Rodriguez-Castellon et al. 2008). These catalysts were found to
exhibit a very satisfactory activity within the temperature range of 300-340 °C,
with conversion yields of 92.6% and 49.0%, respectively, for Ni-Mo(W) and Co—
Mo(W). The catalysts promoted with Ni were found to exhibit better performance
as compared to those catalysts promoted with Co in the DBT HDS reactions. Other
catalysts prepared were Ti-loaded hexagonal mesoporous SBA-15 supported
Co/Mo and Ni/Mo catalysts. The use of Ti-loaded SBA-15 material as catalysts
support leads to the enhancement of the DDS route in this reaction, thus, more
active than those of their Ti-free counterpart (Nava et al. 2007).

Other prepared catalysts reported are the unsupported types, example of such
catalysts are the unsupported MoS, catalyst reported to have been prepared in situ,
under moist condition, through the decomposition of ammonium thiomolybdate.
Various characterization techniques were employed to fully characterize this
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catalyst, these include; scanning electron microscopy (SEM), XRD, measurements
of specific surface area were carried out using BET and BJH etc. The catalytic
performance of the catalyst was studied on diesel oils HDS; such oils include LCO,
SRGO, light cycle, and straight-run gas oil. Also, further investigation on some
refractory sulfur compounds selected in oils was carried out on
4,6-dimethyldibenzothiophene (4,6-DMDBT), dibenzothiophene (DBT), and
benzothiophene (BT). The preparation of MoS, catalysts was carried out via the
decomposition of ammonium thiomolybdate precursor under moist condition in
situ, in decalin (Trakarnpruk et al. 2008) as:

(NH4)2MOS4 — 2NHj3 + H,S + MoS; + S

The occurrence of MoS, was confirmed by the XRD technique; the XRD pattern
shows MoS, Phase (JCPDS-ICDD 3701492, 2 6 (A) = 14 (002), 33 (100),
40 (103), and 58 (110) (Song et al. 2000a, b). The XRD pattern of the catalyst
after the HDS reaction shows less crystallinity. Specific surface areas, total pore
volume of the in situ prepared MoS, are determined using BET. The catalyst
prepared in the presence of water shows high surface area of 544 m” g~ ' and
pore volume of 1.16 cm® g~ '. It was proposed that water helps dispersion of the
precursor droplets in decalin under agitation (Trakarnpruk and Seentrakoon 2007).
Specific surface area, total pore volume as well as elemental analysis (EDX) of
the MoS2 catalyst before and after HDS reactions are reported. The surface area
and pore volume of the catalyst after HDS reaction decreased considerably to
332m? g ' and 0.63 cm?® g !, respectively. This might be attributed to sintering of
MoS, crystallites. From EDX analysis, it shows the slight decrease of S/Mo ratio
from 1.7 to 1.6. However, C/Mo ratio was increased from 5.9 to 7.1, the carbon
detected in the catalyst before the HDS comes from decomposition of decalin
which was used as solvent. This reveals contribution of decalin in the preparation
of MoS, catalyst by in situ decomposition of ammonium thiomolybdate. The
carbon increased in the catalyst after the HDS is derived from oil. Scanning
electron microscopy (SEM) of the MoS, catalyst reveals a highly porous and
rough surface. The water addition increases dispersion of MoS, generated from
ammonium thiomolybdate precursor since it is insoluble in oil. The surface of the
catalyst after the reaction is less porous.

6 Hydrodesulfurization Reactions

The HDS model compounds’ reactions, Fig. 3.5, were carried using CoMo/carbon-
supported catalyst and commercial CoMo/alumina support. Two independent reac-
tion routes are possible, the first route start with desulfurization of DBT, and then
hydrogenation, and the second requires the hydrogenation of DBT, followed by
desulfurization. For all the catalysts studied, the selectivity was close at the same
temperature. However, a dramatic change was reported in the preferred mechanistic
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route for desulfurization of 4,6-DMDBT with temperature. At low temperature, the
hydrogenative pathway is preferred, while at high temperature direct desulfuriza-
tion predominates. The catalytic activity of carbon-supported CoMo catalyst was
found to be more than that of the analogous alumina-supported catalysts for DBT.
The most active preparation method was over three times more active for DBT
HDS than a comparable commercial HDS catalyst. The major reason for its higher
activity is the higher number of active sites the carbon-supported catalyst is
suggested to be on it. Thus, the substrate/catalyst ratio may influence the activity
difference of the two catalysts as described above with 4,6-DMDBT. In addition,
the narrow pores of the present active carbon (12.5 A) may have some hindrance on
the diffusion of bulky 4,6-DMDBT. Mesoporus carbon of large surface area is an
interesting support for heavier feedstocks (Farag et al. 2000).

7 Factors Affecting the Reactions

The influence of changes in the concentrations of polycyclic aromatic compounds,
e.g., pyrenes, chrysenes, napthalenes, etc. on the rate of reaction kinetics of deep
HDS in a trickle-flow system is negligible within the operating window of existing
once. One of the key parameters of reaction rate inhibition in deep HDS is the use of
trace amounts viz. within the range of ca. 0-30 ppm of organo-nitrogen compounds.
It could be inferred from the reported literature that there is a strong resemblance
between the behavior of trace amounts and high concentrations effect of basic
organo-nitrogen compounds. An order of —0.15 with respect to basic organo-
nitrogen compounds was calculated in commercial gas oil. In the presence of at
least 10,000 ppm polycyclic aromatics, trace amounts (viz. ca. 0 & 30 ppm) of basic
organo-nitrogen compounds affects the kinetic rate of the overall HDS reaction in a
significant way. It could be deduced from reported literature that the principal role
of the basic organo-nitrogen compounds of relatively high concentrations in model
feeds resemble closely the key role of trace amounts currently pinpointed in deep
HDS of a highly complex mixture, e.g., gas oil. The influence of variations in the
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concentration is negligible in bulky polycyclic aromatics, e.g., pyrenes, chrysenes,
and naphthalenes (van Looij et al. 1998; Danmaliki and Saleh 2017).

Hydrogen sulfide is another factor that has been reported to have an effect on
hydrodesulfurization reactions. Although it is important, it is of secondary impor-
tance even in the treatment of raw distillates in HDS. It is well known that
hydrogenolysis reactions are more prone to H,S poisoning as compared to hydro-
genation. The HDS of -DBTs requires hydrogenation which is a crucial step in
HDS, while H,S could assist in the enhancement of the hydrogenation process; this
has been an under-acknowledged point in the past. An example of this was seen in
the HDS of DBT on CoMo/Al,Oj; catalyst. The HDS of 4,6-DMDBT over NiMo/C
was observed to give a similar result (Sakanishi et al. 2000). This could be
attributed to an increment in surface SH groups as a result of the dissociation of
H,S (Topsge et al. 1996). H,S modestly inhibits hydrogenation in the HDN of
six-membered nitrogen heterocycles, which could improve the scission of C-N
bond. The point of emphasis here is that there is less pronounced H,S inhibiting
effect in f-DBTs HDS than in that observed in DBT HDS. This is consistent with
the known fact that hydrogenation is more important and hence plays a key role in
B-DBTs HDS than hydrogenolysis.

The commercial NiMo/Al,O3 was reported to exhibit around three times higher
activity than the commercially employed CoMo/Al,O5 catalyst in the HDS reaction
pathways of 4,6-DMDBT in decalin. Again, this could be attributed to the higher
hydrogenation activity of NiMo/Al,O3 catalyst as compared to CoMo/Al,03. The
low reactivity of 4,6-DMDBT, on the other hand, could be ascribed to steric
hindrance. This (steric hindrance) is relieved by aromatic ring hydrogenation and
therefore, catalysts with higher hydrogenation potential show better catalytic activ-
ity towards 4,6-DMDBT HDS.

Trickle-bed reactors are used to carry out the HDS reaction in refineries. The
operating conditions of for these reactors usually requires H, gas pressure between
3.0 and 5.0 MPa and a temperature of range 300—450 °C, commonly employing
CoMo/Al,O3 or NiMo/Al,O3 catalysts (Whitehurst et al. 1998; Saleh and
Danmaliki 2016b). These severe conditions lead to excessive consumption of
hydrogen, hydrogenating the available olefins, as well as decreasing octane rating.
Linear or branched thiols referred to as recombinant mercaptans can be formed
from the reaction of olefins with H,S in the reactor under mild HDS conditions,
forming typically a chain of 5-12 carbons long. Sulfur is maintained in the product
due to the formation of recombinant mercaptans, restricting the HDS process
effectiveness. A further extended research in catalysis and process designs of
HDS are being carried out to improve the efficiency of sulfur removal, while
maintaining the least specification of the fuel quality. For some special systems,
e.g., fuel cells, atmospheric pressure is preferably the most suitable condition to
carry out HDS reactions. Also, low H; to fuel ratio is essentially desirable for such
systems to run the HDS reaction since hydrogen is crucial reactant in the fuel cell.
In the case of phosphoric acid fuel cell (PAFC) on the other hand, natural gas is the
crucial reactant for its operation; hence, the system also adopts HDS. HDS reaction
in systems like direct carbonate fuel cell has also been studied. HDS reaction at
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atmospheric pressure condition proceeds only via the less effective route;
hydrogenolysis and not through the popular hydrogenation (HYD) route which is
believed to be the efficient desulfurization route especially for refractory sulfur
compounds, e.g., 4,6-DMDBT (Bartsch and Taniellian 1974). These HDS route
mechanisms are discussed in coming section. Under certain conditions, tempera-
tures >300 °C and atmospheric pressure, thermodynamic factors tend to limit
hydrogenation of aromatic rings. There are a lot of merits, in that the catalysts
active sites are usually unoccupied during the hydrogenation of aromatic com-
pounds. Although the presence of aromatics themselves may lead to possible
inhibition, this could be possible even in their unhydrogenated form. Great interest
is laid on the studies that channels towards determining the optimal conditions,
especially the operational pressure for the HDS unit to be applied for various fuel
cell systems.

Hydrogen supply is another factor that affects this reaction. The solubility of
hydrogen in hydrocarbon solvents swiftly appreciate with temperature raise. Also,
the kinematic viscosity of hydrogen is relatively high. Hence, the order of its
solubility as a function of solvent structure has a trend which decreases in the
following order: hexadecane > bicyclohexyl > tetralin > 1-methylnaphthalene.
It has been noticed and reported that the rates HDS 4,6-DMDBT and of DBT
increases in the presence of hydrocarbon solvent, e.g., the use of cyclohexane
solvent led to better rate enhancement than decaline and much lower rate in the
absence of any solvent (Saleh et al. 2017). The HDS of 4,6-DMDBT was observed
to experience a more pronounced solvent effect as compared to that of DBT HDS.
This observed solvent effect corroborates the argument on hydrogen solubility, in
that the solubility has a strong inverse relationship to solvent’s specific gravity
function, of which diffusivity can be used to justify. The hydrogenation of toluene
studied was found to be affected by the effect of solvent. A study was conducted to
screen the catalyst in deep HDS, and the variation in the activity of this catalyst in
the study was observed to generally diminish with raise in hydrogen pressure. This
compression effect could be associated with hydrogen “starvation” since more
hydrogenative catalysts would experience more of the effect with fall in hydrogen
pressure. At low hydrogen pressure of about 0.79 MPa, desulfurization of LCO with
bulk was compared to that which takes place in the presence of a commercial HDS
catalyst at 343 °C; the results showed that RuS, gave 220 ppmw from 1.47 wt.%, in
contrast to 1680 ppmw that was obtained using the commercial catalyst (Ho 2004).
This activity of RuS, is quite remarkable and could be linked to its structural feature;
isotropic cubic. The surface SH groups density may be increased by disulfide (S—S) >
species from the effect of hydrogen cleavage from facile heterolytic. Depending on
the structure of catalyst, steric hindrance may tend to become an issue; it appears to
be more pronounced in RuS, catalysts than those of MoS, based having highly
anisotropic layered structure. The key remaining question that may come up despite
this interesting result is: will hydrogen supply be a problem for 10-15 ppmw sulfur
regime at low pressures? The use of supercritical solvents attempted to put an end to
the issue potential hydrogen supply (Ackerson and Byars 2000). This approach can
best be proven when the rate limiting step is the hydrogen supply at high pressures.
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Subsequently, the HDS of 4,6-DEDBT over a sulfided (catalyst A); CoMo/Al,O3-
Si0, was employed to examine some elementary details of deep HDS (Ho 2004).

8 Mechanisms of Hydrodesulfurization in Diesel
and Gasoline Fuels

Gasoline, jet fuels, and diesel are the three principal types of transportation fuels
which may vary significantly in composition and properties, produced from various
refinery streams. The typical sulfur compound types found in liquid fuels and their
corresponding refinery streams for fuels are summarized in Table 3.2 (Song et al.
2000a, b). The reactivity ranking is obtained from well-tabulated experimental data
and a large pool of literature information. Direct HDS through hydrogenolysis
pathway occurs in compounds like disulfides, sulfides, thiols, and
tetrahydrothiophene and other sulfur compounds with no structural conjugation
between the n-electrons on the aromatic ring moiety and the lone pairs on S atom
and the lone pairs on S atom of the compound. Significantly higher HDS reactivity
has been shown by these sulfur compounds relative to those of thiophene because
the former has weaker C—S bond as well as higher electron density on the S atom.
The reactivity of 1- to 3-ring sulfur compounds increases in the order
dibenzothiophenes < benzothiophenes < thiophenes (Vasudeven and Fierro
1996). Consequently, thiophenes found in naphtha are relatively far less reactive
than the disulfides, sulfides, and thiols as such; in practical high-conversion pro-
cesses, the latter can be essentially infinitely reactive. Similarly, in gas oils, the
reactivity of (alkyl-substituted) sulfur-containing compounds such as
4-methyldibenzothiophene and 4,6-dimethyldibenzothiophene (4,6-DMDBT) are
by far low relative to the others (Gates and Topsoe 1997; Kabe et al. 1992). Hence,

Table 3.2 Typical sulfur compounds and corresponding refinery streams for fuels (Song 2003)

Types of sulfur compounds

Refinery streams
obtained

Corresponding
fuels generated

Mercaptanes, RSH; sulfides, R,S; disulfides, SR-naphtha; FCC naph- | Gasoline

RSSR; thiophene (T) and its alkylated deriva- | tha; coker naphtha (BP range:

tives, benzothiophene 25-225°C)

Mercaptanes, RSH; benzothiophene (BT), Kerosene; heavy naph- | Jet fuel (BP range:

alkylated benzothiophenes tha; middle distillate 130-300 °C)

Alkylated benzothiophenes; dibenzothiophene | Middle distillate; FCC Diesel fuel

(DBT); alkylated dibenzothiophenes LCO; coker gas oil (BP range:
160-380 °C)

Greater than or equal to three-ring polycyclic | Heavy gas oils; vacuum | Fuel oils

sulfur compounds, including DBT,
benzonaphthothiophene (BNT), phenanthro
[4,5-b,c,d]thiophene (PT), and their alkylated
derivatives and naphthothiophenes (NT)

gas oil; distillation
resides

(non-road fuel and
heavy oils)
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in deep HDS, the required conditions are the major factors that affect the transfor-
mation of these main methyl-substituted dibenzothiophenes. In 1997, it was
reported that catalysts and reaction mechanisms are most appropriately studied
using 4-methyldibenzothiophene and 4,6-DMDBT. In general, the most acceptable
HDS mechanism for the reaction of DBT and 4,6-DMDBT takes place through two
principal pathways, Fig. 3.6 (Song et al. 2000a). The first pathway requires the
removal of sulfur in the absence of the aromatic rings abetting; this is otherwise
called the hydrogenolysis pathway, while the second pathway on the other hand
involves the preferentially hydrogenation of aromatic rings of DBT into 4H- or
6H-DBT intermediates before are finally desulfurized. This pathway is also called
the hydrogenation desulfurization (HYD) route (Srivastava 2012).

Co—Mo-S model has for long provided a key basis for strategic developments of
catalyst, shown in Fig. 3.7, specifically based in situ characterization techniques.
Alumina support, commonly employed in hydrotreatment of catalysts, has the
superiority that it allows quite easily a high Co—-Mo-S structural dispersion, and
in fact, the Co—Mo-S structure may not contain MoS, backbone as single MoS,
layers. Reports based on the previously conducted research also suggested that the
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support may contain some of the promoter atoms or as separate promoter sulfide
structures. Nevertheless, these are inactive structures, and therefore to avoid their
formation, it is essential to have preparation and activation parameters control
(Topsge et al. 1981; Wivel et al. 1981). And because employing the use of alumina
support enhances the development of small MoS, nanoclusters of high stability,
which are usually characterized by high MoS, edge sites concentration, this is
essential as it accommodates higher quantity of (Co) (Ni) which could be in the
active Co—Mo—S (Ni-Mo-S) structure form. The support, in addition to its ability to
stabilize small nanoclusters, could also have a direct interaction with the clusters,
thereby influencing the intrinsic activity of the Co—Mo-S structures’ active sites
(Topsge et al. 1996).

It has been observed that elevating the temperature of the sulfiding process from
400 to 600 °C brings about bond breakage yielding a modified Co—-Mo-S structure
and alumina as well and were found to have significantly promising per active site
activity relative as compared to the lower temperature formed ones. These are
referred to as Type II and Type I Co—Mo-S, respectively (Candia et al. 1984).
Experimental results have been reported to show that in the structures of Type I
category, Mo—O-Al bonds uniquely exist specifically between the Co—-Mo-S struc-
tures and alumina support, hence, making the Co—Mo-S structure adopt some
modified catalytic properties in many ways (Hinnemann et al. 2005). The bond to
the support in the low-active Type I may be broken by high-temperature sulfiding,
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perhaps transforming into the Type II category which are high active. However,
since this method of treatment may as well lead to unplanned sintering as well as
subsequent loss of crucial edge sites, it’s an undesirable approach of producing
Type II structures. There is therefore a need to find alternative methods of prepa-
ration; this may involve the addition of some additives or chelating agents, and
alone side a weakly interacting support, e.g., carbon (Topsge et al. 1996). Type II
sites containing catalysts may form multi-stack MoS, structures, which could just
be a side reaction product owing to the presence the very important weak support
interactions, for example during hydrogenation reactions, the multi-stacks play an
important role as only its top most layer will reveal the special brim sites. While in
fact, single block piece of Type II Co—Mo-S structures catalysts could also be
produced even for supports like carbon, which is a weakly interacting support,
single slab structures may dominate (Carlsson et al. 2004). Other important
advances were the possible existence of the structures Ni-Mo—S and Co—Mo-S in
both low activity and high activity corresponding to Type I and Type II structures,
respectively. However, there are several other atomic level features about Co—-Mo—
S that are yet to be known and understood, and consequently, for several years, it
has been challenging to advance further as more information is required for
fundamental understanding of the mechanism, for example, without atomic insight,
it’s virtually impracticable, to fully understand in great details the sites involved
and how they are involved in the HYD and DDS pathways for HDS. Fortunately,
more recent advancements in technology have changed this whole idea, and with
special techniques like scanning tunneling microscopy (STM), well-resolved
atomic images of MoS, nanoclusters can be provided (Helveg et al. 2000), Co—
Mo-S and Ni-Mo-S (Lauritsen et al. 2007), and direct images of catalytically
active edges can be obtained as well. Coupling this technique with DFT calcula-
tions (STM-DFT) provides a good avenue to generate electronic structure informa-
tion, which demonstrate a key role in understanding catalysis and hence, more
useful information can be unveiled. The small sulfide clusters may have uncommon
sites with metallic-like feature, called “brim sites,” located adjacent to the edges
and appear bright in the STM images, which reveal a detailed insight into the Co
and Ni promoter atom positions in Co-Mo-S and Ni-Mo-S structures. The STM
results provide much more detailed insight, revealing the preferential occupation of
the promoter atoms in very specific edge sites types, referred to as S-edges. It was
also found that different modifications of Co—-Mo-S and Ni-Mo-S might as well be
present (Lauritsen et al. 2007). It has been shown that a detailed insight in the
morphological of catalysts with high surface area can be obtained using high angle
annular dark field scanning transmission electron microscopy (HAADF-STEM)
(Carlsson et al. 2004). High-resolution electron tomography is another approach
that may be used and interestingly, information on the catalyst morphology can be
obtained even for the Ni-Mo-S structures consisting of single layers. The Ni-Mo—S
crystals were found to exhibit the hexagonally truncated morphology and higher
order truncations as well for this catalyst preparation (Lauritsen et al. 2007).
Dibenzothiophenes (DBT) and DBT derivatives substituted especially at the 4-
and 4,6- positions of the ring structure are considered one of the most refractory
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classes of sulfur compounds in gas oil (Girgis and Gates 1991; Beens and Tijssen
1997). The identification of a novel catalytic routes mechanism for the improve-
ment of the efficiency of hydrodesulfurization of substituted dibenzothiophenes is
crucial in achieving deep HDS. Houalla et al. (1980) reported two parallel reaction
pathways they suggested for the hydrodesulfurization of DBT:

1. formation of biphenyl by C—S bonds direct hydrogenolysis
2. two steps formation of cyclohexylbenzene via hydrogenation of one of the
benzenoid rings followed by their subsequent rapid hydrogenolysis

Several other studies (Houalla et al. 1980; Nagai et al. 1986), in addition to these,
suggested that for the hydrogenation and hydrogenolysis transformations, other
possible catalytic sites do exist. According to Landau et al., they reported that a
higher desulfurization rate was obtained in the hydrogenation of
4,6-dimethyldibenzothiophene (4,6-DMDBT) (Landau et al. 1996). Accordingly,
catalysts with higher activity towards hydrogenation also show promising activity
in the hydrogenation of 4,6-DMDBT. In spite of that, the hydrogen-to-hydrogen
sulfide ratio employed at least 380 NI/NI, which swiftly mismatch the standard
commercial once-through trickle-flow reactors results: ca. 15-20 NI/NI, hence does
not suitably serve as representative of a deep HDS. And this is because hydrogen
sulfide not only heavily influences the absolute activity of HDS, but also tempers
with the relative significance of the competitive hydrogenolysis and hydrogenation
pathways, and the relative catalytic activities of the supported NiMo and CoMo
catalysts in refractory compounds the hydrodesulfurization, such as 4-MDBT and
4,6-DMDBT (Lamure-Meille et al. 1995): Ma et al. found that at high hydrogen-to-
hydrogen sulfide ratios NiMo catalyst has an advantage over a CoMo catalyst when
employed in the hydrodesulfurization of 4-MDBT and 4,6-DMDBT; however, the
catalysts activities were very much comparable at low hydrogen-to-hydrogen
sulfide ratios. Consequently, the question remains open whether the use of NiMo
catalyst in deep HDS provides any advantage over a CoMo catalyst at the low
hydrogen-to-hydrogen sulfide ratios representative of commercial once-through
trickle-flow HDS reactors.

Co-promotion of MoS, catalysts forms the Co—-Mo-S phase, where (10 10)
S-edges of MoS, particles assist in the incorporation of Co atoms, leading to the
formation of Co—-Mo—S edge and significantly varying the structural and hence
catalytic properties of the catalyst (Besenbacher et al. 2008). An essential effect of
the Co-promotion is that the produced Co—-Mo-S equilibrium structure contains
inherent sulfur vacancies, which means that at the start of the catalytic cycle,
additional sulfur vacancies need not to be formed. The unpromoted S-edge, in
contrasts with, Co-promotion ones, requires the creation of vacancies as the first
step in a catalytic cycle since it has full S coordination at its equilibrium state. It is
important to emphasize that unique coordinatively unsaturated sites (CUS) are
available at equilibrium conditions in the Co—-Mo-S edge, and for this reason, the
catalysis requires no vacancy formation at the initiating step. The situation is very
dissimilar in the case of the unpromoted S-edges catalysis, and research findings
have stressed the fact that it is very vital to consider that initial vacancy creation and
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Fig. 3.8 Scheme showing the HDS of thiophene, reactions, and structures involved. Equilibrium
structures are shown in atomic structures format at HDS conditions of the (10 10) and the (10 10)
edge. The scheme shows an overview of the Co-promoted reactions, (10 10) edge marked with red
lines and the non-promoted (10 10) edge indicated with black lines in the upper part of the scheme
and in the lower part the reactions at the non-promoted (10 10) edge and in the middle the possible
interactions between the two coexisting edges. The dotted arrows denote slow progressing
reactions (Moses et al. 2008)

sulfur addition are two possible mechanisms both of which hydrodesulfurization
(HDS) reactions can occur. The bright brim is a feature exhibited by Co—Mo-S
active sites (Lauritsen et al. 2007) which are quite analogous to brim site of the
Mo-edge. Turning to the catalytic activity, Fig. 3.8 provides a scheme showing the
HDS of thiophene, reaction pathways, and structures involved, comparing an
unpromoted MoS, and a promoted Co—Mo-S catalyst. The suitability of the Co—
Mo-S edge for both C—S-scission and hydrogenation steps is the main consequence
of the Co-promotion, whereas the unpromoted Mo- and S-edges are basically fitted
for one of the two. The driving force for intermediates adsorption is thermodynam-
ically controlled to transform from the (unpromoted) Mo-edge to the Co—Mo-S
edge and thus, there is a high chance of hydrogenation occurring at both the Mo-
and Co—Mo-S edges. The concluding remark here is that Co-promotion improves
the catalytic properties of the catalyst towards hydrogenation. C—S-scission barriers
are lower for Co—-Mo-S than those for the non-promoted Mo-edge, but higher for
the non-promoted S-edge. Although with the increasing hydrogenation activity and
rise in adsorption energy of thiophene via the direct desulfurization (DDS) path-
way, it is expected that Co-Mo-S brim site’s activity rises higher than the
unpromoted S-edged ones.

In MoS,-based catalysts catalyzed hydrodesulfurization (HDS) reaction, various
basic nitrogen-containing compounds, e.g., pyridine are popularly known to serve
as inhibitors for this reaction. The interplay of density functional theory (DFT)
calculations together with experimental data from scanning tunneling microscopy
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(STM) revealed an atomic-scale insight into the nature of pyridine adsorption on
MoS,. Previous IR-spectroscopy and DFT studies were found to be in good
agreement with the STM results obtained, which showed that the interaction of
pyridine molecule itself with the MoS, nanoclusters is a very weak one or not even
interacting at all. However, a significant adsorption enhancement observed in the
presence of hydrogen is present at the MoS, edges, revealed by STM at the edges
showing some adsorbed species. By analyzing the DFT energies obtained from
calculation and simulated STM images, it could be concluded that these species are
pyridinium ions located at the catalytically active brim sites. In addition to that, the
results of DFT calculations for the vibrational modes of the adsorbed pyridinium
species were found to agree quite well with those obtained from previously reported
IR experiments on alumina-supported MoS, catalyst of high surface area. There is
high level of similarity between these adsorption sites and the brim sites involved in
hydrogenation reactions in HDS. Therefore, combining the STM results and DFT
calculations reveals a novel atomic-scale insight into the inhibition mechanism of
basic N-compounds in HDS and directly observing for the first time, the mode of
adsorption of basic nitrogen compounds on the active catalytic MoS, edges.
Furthermore, these results were in full support of the previously reported study
correlating the affinity of the N-containing compounds for proton and their strength
inhibitions.

The detailed information of the interaction of pyridine molecules at atomic scale
with the active catalytic sites on MoS, nanoclusters has been studied using STM
studies and DFT calculations. The pyridine molecules were found to be only
adsorbed weakly on the MoS, edges as revealed by atom-resolved STM. In
addition, the presence of SH groups on the edges leads to the observation of other
chemisorbed species on the brim sites. These results were compared with DFT
calculations and simulated STM images and the species were assigned to the
adsorbed pyridinium ions on the brim site edges of the MoS, nanoclusters. Conse-
quently, these results reveal the first direct observation of pyridinium ions. It was
found that pyridinium adsorbed in an inclined fashion on top of the MoS,
nanoclusters on the brim sites was the most suitable binding mode. In addition,
there was a very good agreement between frequencies observed from previous IR
studies on MoS,/Al,05 catalysts of high surface area and the calculated ones for
pyridine and pyridinium ion. The findings that the peak at IR frequency of 1546 cm ™"
could be best attributed to pyridinium ion further emphasize that the principal
HDS inhibitor for the MoS, catalyst is not actually pyridine molecule itself, but
rather the pyridinium ion. The fact that the previously reported DFT calculations
revealed a very satisfactory activation barrier for pyridinium ion formation
(Logadottir et al. 2006), in distinction to the experimental IR data gathered,
could possibly be related to the effects of catalytic support that were not taken
into consideration by the DFT calculations. A twofold effect of the adsorption of
pyridinium ion on the sites of Mo-brim edge are known in the overall poisoning
process of the HDS catalyst:
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» The first adsorption effect is the assisted consumption of adsorbed hydrogen
atoms, which could potentially improve hydrogenation reaction step.

» While the second effect is believed to occur due to blockage of the hydrogena-
tion pathway sites by the strongly binded pyridinium species adsorbed on the
MoS, brim sites.

According to some reported results in the literature, an even stronger poisoning
effect were suggested for cyclic nitrogenous compounds heavier than pyridine, due to
the more intrinsic delocalized p-character they have, van der Waals interaction with
the MoS, nanoclusters is high promoted, and consequently, binding more strongly to
the active catalytic brim sites (Beens and Tijssen 1997; Shih et al. 1992). These
compounds also have better proton affinity, qualifying them as stronger inhibitors for
the hydrogenation mechanistic pathway. Several other reports suggested that heavier
N-cyclic compounds be further studied with Co- or Ni-promoted MoS, nanoclusters.
In another study, active carbons supported NiMo sulfide (NiMo/C) was used in the
desulfurization of 4,6-Dimethyldibenzothiophene 4,6-DMDBT into n-decane inside
a microautoclave inserted in a sampling apparatus to essentially establish the kinetics
and mechanism of hydrodesulfurization HDS by measuring the equilibrium between
4,6-DMDBT and corresponding tetrahydro derivative assisted by a computational
curve fitting. At higher temperatures between 340 and 380 °C, regardless of the
presence of carbon supports the (NiMo/C) catalysts was shown to exhibit relatively
higher activity towards the HDS of 4,6-DMDBT than the commercially established
NiMo/alumina catalyst (Sakanishi et al. 2000).

9 Deep Hydrodesulfurization of Diesel and Gasoline Fuels

The increasing rise in the standard for sulfur removal specifications has triggered
continuous research for the further improvements in the processes of deep
hydrodesulfurization (HDS) technology, of which were mostly carried out using
fixed bed reactors. One of the major issues faced in deep desulfurization of diesel
fuels is the troubles involved in removing refractory sulfur compounds, especially
4,6-dimethyldibenzothiophene, with conventional hydrodesulfurization processes.
This issue engulfing deep HDS is exacerbated by the compounds: H,S and
polyaromatics inhibiting effects and those of nitrogen compounds as well. While
on the other hand, selective HDS of thiophene compounds and derivatives with no
significant loss of octane number is, in fact, a critical issue for gasoline deep
desulfurization. The appropriate octane number can be retained by the isomeriza-
tion of the paraffinic components of naphtha, as well as by olefinic components
preservation in FCC naphtha (Song 2003). A more recent approach reported is the
use of slurry reactor hydrodesulfurization (HDS) of diesel, which has proven to be
more promising than the one conducted in a fixed bed reactor. This improvement
was attributed to the high activity of the catalyst, online catalyst introduction, and
elimination, and finally the uniform heating profile, thereby increasing the
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efficiency the process. The HDS of straight-run diesel was carried out in a high-
pressure autoclave under the following operating conditions: 3—5 MPa of pressure,
at a hydrogen flow rate of 0.56-2.77 L min ", at temperature of 320-360 °C, using
a NiMoS/Al,Oj catalyst, with a loading of 4.8-23.1 wt% in the reactor. The rate of
reaction was observed to be sensitive to the amount of catalyst used as well as the
hydrogen flow rate, pressure, and temperature employed (Deng et al. 2010). A set
up was designed to carry out deep desulfurization using a steady-state model as a
test plant for a catalytic trickle-bed reactor. This was developed to adequately
model the hydrodesulfurization of vacuum gas oil with high sulfur compounds
content. Kinetic study was conducted based on the experimental data of the sulfur
content of the exit reaction mixture to estimate the kinetic parameters and was
found to be in satisfactory agreement with the theoretical data obtained from the
model. According to the experiments conducted, while keeping other parameters
constant, a rise in pressure and the ratio of H,/CH, as well as a fall in LHSV,
enhance the effective removal of sulfur compounds from the gas oil. Also, an
improved quality of gas oil product was obtained as shown by the analysis of
physico-chemical characteristics of the products relative to the feedstock, such as a
decrease in density and viscosity, as well as the increase in cetane index values.
Also, the theoretical simulation study was conducted by keeping all other param-
eters constant and varying parameters such as pressure, the ratio of H,/CH, and the
LHSV. It was concluded that many design parameters offer the possibility of
accepting the best process conditions for specific feedstock (Sertic-Bionda et al.
2005).

The desulfurization of alkyl-dibenzothiophenes can be achieved in two ways.
The first takes place via the through direct extraction of sulfur, producing biphenyl-
type products (BP). It is sometimes called the hydrogenolysis path. Hydrogenation
is the second desulfurization path, in this approach, prehydrogenation of one of the
aromatic rings leads to the formation of cyclohexylbenzene-type products (CHB).
The ratio of the rate constants of these two paths is the measure of their relative
importance. However, this ratio is not easily obtainable, and for that reason, another
term is defined: hydrogenation index (y), which may be expressed as the ratio of the
weight percent of CHB to BP in the desulfurized product, mathematically stated as:

_ Wt.%CHB in product
~ Wt.%BP in product

This definition can be better understood using an example for illustration. When
applying the definition to the HDS of 4,6-diethyldibenzothiophene (46DEDBT), y
is the ratio of C4CHB (diethylcyclohexylbenzenes and isomers) to C4BP
(diethylbiphenyls and isomers), even though C2CHB compounds such as
ethylcyclohexylbenzene and dimethylcyclohexylbenzenes as well as C2BP, e.g.,
ethylbiphenyl and dimethylbiphenyls are formed as side products (Ho 2004). In a
similar way, in 4,6-dimethyldibenzothiophene (46DMDBT) HDS, the ratio of
C2CHB to C2BP is simply the y. It is important to note that it is only reasonable
to compare y for different catalysts at constant HDS. It is only fortunate that, at
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constant conditions of temperature and pressure, for highly hindered f-DBTs (e.g.,
46DEDBT) at least, y does not change significantly with space velocity (Ho 2004).
Since in general, hydrogenolysis has a considerably higher activation energy
relative to hydrogenation (Farag et al. 2000), y swiftly falls with temperature.
And y on the other hand has a direct proportionality relationship with pressure,
and this is because hydrogenation is a stronger dependent on hydrogen pressure
(Bataille et al. 2000).

10 Conclusion

Despite the rigorous ongoing research on desulfurization and the considerable
attention in some areas of desulfurization like oxidative desulfurization, the use
of microbes for sulfur compounds metabolism and selective adsorption, the princi-
pal approach to sulfur removal remains the HDS method. Herein, we discussed
some important processes of desulfurization technology in oil and gas industries
and the various classifications of desulfurization and as well, the forms of
hydrodesulfurization of diesel and gasoline fuels which is the focus of the chapter.
Also, nanocatalysts design was another aspect that we try to consider, by looking at
various catalyst reported for some specific desulfurization process and the condi-
tions they work best in. In addition, doped nanocatalysts preparations was also a
topic of interest. Furthermore, an example of hydrodesulfurization reaction was
described, where a model example of dibenzothiophene was used, as HDS of
thiophene, its derivatives, and closely related compounds are still relevant. Factors
generally affecting hydrodesulfurization reactions were also considered. Most
importantly, we pointed out some essential mechanisms of hydrodesulfurization
in diesel and gasoline fuels, and some of the approaches to deep hydrogenation of
diesel and gasoline fuels which provides a cost-efficient alternative to meeting the
future specifications of world’s environmental agencies regarding sulfur contents;
however, it is important to note that more research still needs to be conducted to
check for the suitability of future approaches to meet the sulfur limit specifications
and address the problems that may hinder their feasibility.
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Chapter 4

Improvement of Hydrodesulfurization
Catalysts Based on Insight of Nano Structures
and Reaction Mechanisms

Hui Ge, Zegang Qiu, Zhenyu Ge, and Wenpeng Han

Abstract Two-dimensional (2D) layer materials have attracted surging interests
since the discovery of the super properties of graphene in 2004.
Hydrodesulfurization (HDS) catalysts which contain mainly 2D layer Mo(W)S,
active phases with Co or Ni as promoters thus obtain new development chance.
Combining characterization technologies with theory calculations, the catalytic
structure, electronic properties, and reaction mechanisms have been largely
revealed. These new insight understandings have facilitated the design and fabri-
cation of high-performance HDS catalysts for not only ultra-deep desulfurization
but also the quality improvement of different type of fuels. However, this needs the
subtle tradeoff among different catalytic properties such as HDS, selective hydro-
genation, hydrodenitrogenation, and hydrodearomatics for the achievement of the
octane value retaining of gasoline, cetane number improvement of diesel, or
polyaromatics saturation of heavy fuels, which still have a lot of technique chal-
lenges. The industrial application also requires the effective synergism between
process and HDS catalysts.
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1 Introduction

Hydrodesulfurization (HDS) is one of the most important processes in the refinement
of petroleum, by which the sulfur impurity is removed from hydrocarbons. Other-
wise, upon fuel combustion, sulfur oxides are emitted, causing harmful sour rain.
Although industrial Co(Ni)Mo(W) sulfide catalysts are effective to remove most
organosulfur compounds, such as thiol, thioether, thiophenes, benzothiophenes, and
dibenzothiophenes (DBT). It remains a tough challenge for HDS of
4,6-dimethyldibenzothiophene (4,6-DMDBT) analogs that have substitutions hinder-
ing the adsorption and reaction of sulfur heteroatoms. The situation becomes more
serious by the continually increased sulfur content in the crude oils and more stringent
sulfur limits for fuel products (Fujikawa et al. 2006). Meanwhile, the refining cost
needs to be carefully controlled due to the decreased interests. Thus, catalysts must be
effective to achieve ultra-deep desulfurization with affordable cost.

The last two decades have seen major advances in the characterization tech-
niques and theory calculation which have helped us to understand active sites,
elementary steps in reaction paths, and the interactions between active phases with
supports in the Mo(W)S,-based HDS catalysts. Since Novoselov (2004) discovered
monolayer graphene with super properties, there emerges a researching wave to 2D
MoS, analog materials. The newly acquired knowledge have opened up the way to
rationally design and synthesize novel Mo(W)S,-based catalysts for ultra-deep
desulfurization of oil streams (Wang et al. 2013).

In this chapter, we review the recently obtained insights on the relation of
structures with catalytic properties of HDS sulfide catalysts. And we present how
the novel catalysts are designed and synthesized based on these understandings.
And then we show that the newly developed catalysts are effectively applied in the
ultra-deep desulfurization in petroleum refinement.

2 Relation of Structures of Mo(W)S,-Based Catalysts
with Activities

2.1 Structures of Layer Mo(W)S,

Mo(W)S, materials have the unique “sandwich” structure composed of a metal
layer between two sulfide layers. The “sandwich” layers are interacted by the weak
Van der Waals forces and atoms in the layer are linked by the strong covalent bond.
Thus, the bulk Mo(W) sulfides can be easily exfoliated into single- or few-layered
2D materials, which can be further tuned or assembled to heterostructures (Wang
et al. 2015a).

According to the array of sulfur atoms in the layer and the stacking configura-
tions, Mo(W)S, can form three phases (Fig. 4.1). 2H phase is thermodynamically
stable, in which each layer rotate 180° and the layer configure is recovered every
other layer. While 3R phase returns original configuration every three layers. Each
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Fig. 4.1 Structure of MoS,. They can crystallize in 1T (tetragonal), 2H (hexagonal), or 3R
(rhombohedral) symmetry. The figure also shows the hexagonal Brillouin zone with the high
symmetry k points (Reproduced from Heine 2015)

Mo or W atom is coordinated by six sulfur atoms in a trigonal prism for 2H and 3R
phases. 1T-MoS, phase is metastable and six S atoms form a distorted octahedron
around one metal atom (Heine 2015). Three phases can be transformed via
intralayer or interlayer atomic gliding. For example, with intercalation of Li,
2H-MoS, can be converted to 1T-MoS, (Wang et al. 2014), which however
gradually transforms back to 2H-MoS, at room temperature (Jiménez Sandoval
et al. 1991).

2.2 Promoting Effect of Co or Ni to the Mo(W)S, Active
Phase

Mo(W)S,-based catalysts usually prepared with Co or Ni as promoters to improve
the HDS activities. Topsge (1981) suggested the so-called Co-Mo-S model where
Co is located at the edge of Mo(W)S, slabs. Lauritsen et al. (2007) indeed observed
the Co-Mo-S and Ni-Mo-S structures by STM (Fig. 4.2a—). And they found that
the promoter coordination leads to a morphology transformation from the triangle
of unpromoted MoS, to the distorted hexagon.
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Fig. 4.2 STM images of a hexagonally truncated Co-Mo-S nanocluster (a) and Ni-Mo-S (b, ¢)
supported on Au (111). Morphology diagrams for the Co-Mo-S (d—f) and Ni-Mo-S (g-i)
nanocluster as a function of ApS and p(H,S)/p(H,) at T = 525 K. The S-edge compositions are
reported above the blue line, and the Mo-edge compositions are below this line. The gray region
visualizes the range of usual HDS conditions (Adapted from Lauritsen et al. 2007; Krebs et al.
2009)

Fig. 4.2d—i shows that the equilibrium morphology of Co-Mo-S and Ni-Mo-S
nanocluster under HDS conditions is a hexagon and a deformed hexagon, respec-
tively. Ni is located in a square planar environment at both Mo and S edges. The
same is true for the mixed Ni-Mo sites. Co is predominantly located in the
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tetrahedral environment at the S-edge. However, mixed Co-Mo sites are preferen-
tially located on the Mo-edge. The Co atoms on the edges of MoS, crystallites are
4-fold coordinated with either tetrahedral, pseudo-tetrahedral, or square planar
structure depending on the sulfur coverage, type of substituted edge (S or Mo),
and promotion degree (Castillo-Villalon et al. 2012).

The thermodynamic balance between the stability of promoted sites and promoter
segregation effects is mainly driven by S-reductive conditions and can be interpreted
by Le Chatelier’s principle (Krebs et al. 2008a). Complete promoter segregation
occurs under reductive conditions and at high temperature, corresponding to condi-
tions not reached in HDS. Three sulfiding regimes characterized by the chemical
potential of sulfur (uS) can be distinguished in Fig 4.2. In the high sulfiding regime
(uS > —0.25eV), Co and Ni are stabilized on both edges. In the intermediate regime,
i.e., traditional HDS conditions (—1.1 <pS < —0.25 eV), the selective affinity of the
promoters for one type of edge is revealed. In the highly reductive environment
(S < —1.1 eV), the mixed phase becomes unstable (Schweiger et al. 2002).

Different from the Co-Mo-S model. Delmon and Froment (1996) suggested the
remote control mechanism illustrate the interaction of promoters with MoS, crys-
tallites in bulky HDS catalyst. They found that in unsupported Co(Ni)Mo(W)S,
system, the hydrogenation and HDS ability of MoS, or WS, can be significantly
enhanced by the spillover hydrogen which is produced on the NiS, or CoS, phase.
This synergetic effect is demonstrated by the experiments of stacked bed where the
formation of Co-Mo-S phase was physically prohibited (Ojeda et al. 2003).

Ramos et al. (2012) suggested that increase of the contact between MoS, and
CoySg improves the HDS activity of bi-component sulfide catalyst. Wang et al.
(2016) reported the spillover hydrogen effect between the NiS, and MoS, two
phases played an important role on the high HDS performance of unsupported
NiMo catalyst with high promoter loading. Villarroel et al. (2008) and Pimerzin
et al. (2015) also evidenced that the synergism between Co(Ni) and Mo(W) sulfide
phases leads the high catalytic activity of promoted sulfide catalysts.

2.3 Carburization of HDS Catalysts

Using dimethydisulfide (DMDS) instead of H,/H,S as sulfiding agent, Hallie
(1982) observed that the HDS activity of gas/oil was apparently improved, which
was explained by Kelty et al. (2007) as the formation of carbide-like structures at
the edge of the active phase. By the analysis of spent HDS catalyst, Breysse et al.
(2003) suggested that the “carbide” phase could present in between Co-Mo-S
structures. And the cobalt promoter can facilitate the sulfur replacement by carbon
at MoS, edges. Wen et al. (2006) showed by DFT calculation that carbon atom
replacing sulfur atom at the edges of MoS, cluster is a thermodynamically favored
process. However, Tuxen et al. (2011) studied the carbonization of MoS,-based
catalysts by DMDS or dimethylsulfide. They could not observe the formation of
carbide type phase. DFT calculation suggested that the carburization at (Co)MoS,
edge by organic sulfiding agent is not favorable.
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Fig. 4.3 Simultaneous sulfidation and carburization by CH3S or CH3SSCH; over CoMo/Al,O3
(Reproduced from Ge et al. 2014)

Recently, a combination of experiments and theory calculation, we carefully
analyzed the process of carbonization of CoMo HDS catalyst. We found that the
replacement of sulfur atoms at (Co)MoS, edge by the carbon atoms of DMDS
molecule is indeed thermodynamic unfavored (Ge et al. 2014). However, the
simultaneous sulfidation and carbidation on the unsaturated edges of (Co)MoS(C,)
are possible (Fig. 4.3 and Table 4.1).

Carburization is not limited to the formation of carbide-like structures. Several
carbon species may be simultaneously presented on the catalysts in real HDS
conditions. Thus, the effect of carburization is usually an additive result of multi-
carbon species. The organic chelating agents, such as EN, coordinated with Co**
delays the sulfidation of cobalt promoters and facilitates the formation of Co-Mo-S
active structures; on the other hand, the carbonization of chelating agent may coat
the Co** retarding its access to the MoS, slabs. Ge et al. (2009) reported that the
support-like carbon weakens the interaction between active metals and support
which can improve the HDS activity. And coke-like carbon covers the active sites
and suppresses the catalytic activity. Glasson et al. (2002) observed a positive effect
of carbon bearing CoMo catalysts prepared with the addition of soybean oil for
thiophene and crude oil desulfurization. They suggested that carbon deposits
isolated the active particles resulting in a high dispersion. Similar positive results
were found in CoMo catalyst presulfided by alkylpolysulfides (Alonso et al. 2002)
and in MoS, catalyst produced by in situ decomposition of (R4N),MoS, (Alvarez
et al. 2004).
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Table 4.1 The relative energy (eV) of simultaneous sulfidation and carburization by CH3S or
CH;SSCH;

Process Edge From To CH,S CH3SSCH;3
atoe S 50% S 75% S and 25% C 1.53 2.88

btof S 25% S and 25% C 50% S and 50% C -0.57 0.78

ctog S 50% C 25% S and 75% C —1.65 —0.30
dtoh Mo 0% S 25% S and 25% C —1.02 0.32

2.4 Interaction of Support with Active Phase

In refining industry, alumina is used almost exclusively as the support of HDS
catalyst due to the excellent textural and mechanical properties and relatively low
cost. However, the strong interaction between alumina support and metal sulfide
phases can lead to the detrimental effect on the catalytic activities.

Hinnemann et al. (2005) revealed the nature and the influence of oxygen
linkages between MoS,-type nanocrystals and alumina support by DFT calcula-
tions. They show that oxygen linkages are predominantly present on the sulfur edge
with the orientation approximately perpendicular to the MoS, sheets. Because Co
promoters also present dominantly on the S edge, the formation of linkages
compete with the incorporation of Co into the S edge (Byskov et al. 1999). Thus,
if the S edge has been saturated with Co, the linkages to the support may not be
likely formed. The DFT results also suggest that the oxygen linkages between the
MoS,-type structures and the support are not stable, but once Mo-O-Al linkages are
formed, the activation energy for the bond breakage is quite high.

Both the structure and the reactivity of S edges can be severely influenced by the
oxygen linkages. Many studies have shown that vacancy formation is a key step in
the HDS process. But if existing the Mo-O-Al linkage, the vacancy formation
becomes very endothermic. Thus Type I structures, which has a strong interaction
between active phase and support, have a lower catalytic activity than Type II
structures. And the transformation of Type I to Type II is suggested to associate
with the breaking of Mo-O-Al linkages. The adsorption of hydrogen on sulfur edge
sites above linkages is only slightly exothermic (—5 kJ/mol) compared to —52 kJ/
mol on the S edge sites without linkages. Interestingly, the adsorption of hydrogen
on a site neighboring to an edge site with a linkage is significantly more exothermic
with —73 kJ/mol. Thus, the hydrogenation reactions can be influenced significantly.

Arrouvel et al. (2005) investigated how the active phase is influenced by
different supports under reaction conditions. The coordination of MoS, with alu-
mina support depends on the size of the active phase particles. Very small size
MoS, particles (<15 A) on y-Al,O3 (110) and (100) surfaces exhibit Mo-O-Al
bonds for both Mo- and S-edges. While for larger sizes (>15 A), H bonds and van
der Waals interactions can stabilize the particles parallel to the surface. For anatase-
TiO, (101) and (001) surfaces, an epitaxial relationship is established between the
Mo-edge and the support surfaces with the formation of Mo-O-Ti-S-Mo rings. But
this epitaxy is not possible between the S-edge and the TiO, surface. The epitaxial
MoS, clusters create edge-contacted particles in tilted or perpendicular orientations
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owing to strong the interaction between the MoS, edge and TiO, planes. These
perpendicularly arrayed MoS, particles are more active. Breysse et al. (2003)
showed four times enhancement of the HDS activity of anatase-supported MoS,
catalysts than alumina-supported ones. DFT calculation of adhesion energies of
MosCoS,, clusters on the two supports shows that Co promoters suppress the edge
anchoring of active phase due to weakened edge interaction. And smaller size
particles are stabilized on y-alumina by the ligand effect of the promoter (Costa
et al. 2007). Raybaud (2007) investigated the interface between MoS, and support
using DFT. It was revealed that the surface species and acid-basic properties are
quantitatively correlated with the sulfo-reductive conditions (pH,, pH,S, pH,0, and
T) and the exposed surface of support. Under HDS conditions, the (110) surface of
y-alumina is highly hydroxylated, and the (001) surface of anatase (TiO,) is
partially hydroxylated and sulfide (Arrouvel 2004). They both present Brgnsted
sites. On the contrary, neither y-alumina (100) nor the anatase (101) surfaces are
hydrated or sulfided, thus only containing Lewis sites.

2.5 HDS Reaction Mechanism

Thiophene (C4H,4S) is the main sulfur component in gasoline fuel and has been
extensively used to investigate the reactivity and kinetics of HDS reactions
(Fig. 4.6). Using the room temperature STM technique, it confirmed that interac-
tions between thiophene molecules and MoS, clusters mainly occur at the edge
domains. It is revealed that both sulfur vacancies on the edges and the interaction of
flat-lying molecules with the “brim” sites are important for HDS reaction (Lauritsen
et al. 2004). The desulfurization and the hydrogenation of thiophene may occur at
the edge and brim, respectively.

Fig. 4.4d shows the schematic overview of the reaction pathways for thiophene
HDS over unpromoted MoS, and Co-Mo-S catalysts. Co-promotion makes the Co-
Mo-S edge suitable for both hydrogenation and C-S-scission, meanwhile the
unpromoted Mo- and S-edges are primarily suited for one of the two. Hydrogena-
tion is suggested to occur at both the Mo-edge and the Co-Mo-S edge. And Co
promotors increase the hydrogenation properties of the catalyst. The C-S scission
barriers on Co-Mo-S sites are higher than those on the non-promoted S-edge but
lower than those on the non-promoted Mo-edge. However, due to the increased
hydrogenation activity and adsorption energy of thiophene, the overall activity of
the Co-Mo-S site is high. The equilibrium structure of Co-Mo-S has already
contained sulfur vacancies. Thus, it is not necessary to form sulfur vacancies during
the catalytic cycle. This is contrary to the unpromoted S-edge, which shows full S
coordination in an equilibrium state and requires the creation of vacancies in the
catalytic cycle.

Valencia et al. (2012) investigated the HDS reaction mechanism by DFT. The
full chemical structures in the energetic profile of hydrogenation (HYD) and direct
desulfurization (DDS) routes were shown in Fig. 4.5. The DBT-type compounds
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Fig. 4.4 Thiophene adsorption and reaction on unpromoted and Co-promoted MoS,. (a) STM
images of MoS, nanoparticle and after exposure to thiophene (b) and atomic hydrogen (c). (d)
Schematic overview of the reactions and structures involved in the HDS of thiophene at the
(-1010) S edge and the (10-10) Mo edge (Reproduced from Lauritsen and Besenbacher 2015;
Moses et al. 2009)

exhibit high stability for both aromatic cycle and C-S bond. However, the HYD
reaction route is more favored owing to lower energetic barriers compared with
DDS reaction route.

Tuxen et al. (2012) highlighted the role of interactions of DBT with MoS, and
Co-Mo-S for HDS reactions using STM and DFT (Fig. 4.6). The corner sites on the
hexagonal CoMoS nanoparticles may play a main role in the DBT desulfurization.

Grgnborg et al. (2016) recently revealed how 4,6-DMDBT is desulfurized via
the DDS pathway over CoMo catalyst (Fig. 4.7). It is found that the direct
chemisorption of the 4,6-DMDBT molecule on the CoMoS nanocluster is only
possible at a vacancy in the corner position of the S-edge. But the formation of this
vacancy is energetically unfavorable under HDS conditions and can be present only
at very low frequency. Thus, 4,6-DMDBT is hard to be desulfurized. Interestingly,
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quent dosing of DBT (Reproduced from Tuxen et al. 2012)



4 Improvement of Hydrodesulfurization Catalysts Based on Insight of Nano. .. 107

o-mode <«—» n-mode (c) ]
[A]L.2 ]

E,4c=-0.10eV E,4s=-0.89eV E,gs=-0.28eV

Fig. 4.7 STM image shows the transfer of 4,6-DMDBT adsorption between o-model (a) and
n-model (b). Line scan along the cyan line shown in the inset of the figure (b) revealing structural
information (c). DFT calculations for 4,6-DMDBT adsorbed on top of a corner S-vacancy in
n-mode (d), at corner-site without a corner vacancy (e) as well as at one corner vacancy (f). Ball
model showing how the o-mode is sterically impossible to occur in central corner vacancies (g)
(Reproduced from Grgnborg et al. 2016)

it is found that the o-adsorption can transform reversibly into a n-like adsorption.
This suggests the possibility to alternate between two configurations and between
two reaction pathways, namely, on-top brim n-adsorption for HYD and the periph-
eral o-chemisorption in cluster corner for DDS. Thus, both hydrogenation and
direct desulfurization reactions can occur in the same adsorption process but in
different configurations.

3 Design and Synthesis of Nano HDS Catalysts

3.1 Design of HDS Catalyst

The catalytically active phase in promoted catalysts is suggested to be Co(Ni)-Mo-S
phase, where Co(Ni) atoms are located on the edges of the MoS, particles (Topsge
2007). Another model, which is less preferred, is the so-called remote control
theory (Delmon and Froment 1996).

Candia et al. (1984) found that there are two types of Co-Mo-S phases with
distinctly different HDS activities, Co-Mo-S type I and type II, the latter with
decreased support interaction exhibited about two times higher activity than the
former. It is thus expected that highly active HDS catalysts should compose of
highly dispersed Co-Mo-S type II phases. Conventionally, the alumina is used as
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the support of HDS catalysts. However, the undesirable very strong metal-support
interaction, which results in the type II structures, has urged new supports in order
to achieve more efficient HDS reactions.

The surface energies play an essential role in the shape of the catalyst particles,
the type of exposed facets, and consequently the catalytic activity. Elizabeth
Cervantes-Gaxiola et al. (2013) observed that there is a direct correlation between
the surface energies and DBT conversion for Ni-promoted catalysts. The DFT
calculation shows surface energies in the sequence of NiWS, (0.1148 eV/A?)
< NiMoS; (0.1221 eV/A?) < NiMoWS, (0.1336 eV/A?). The easiness of formation
of mixed Mo and W catalyst surfaces is essential to the incorporation of promoter
Ni in the active surface sites.

Hydrogenation to aromatics improves the quality of diesel with the increased
cetane number. And the hydrogenation to polycyclic aromatics facilitates the
hydrocracking of heavy fuels. However, inhibition of hydrogenation of olefins
(HYDO) is preferred for gasoline fractions, which can avoid the loss of octane
value.

It was observed that incorporating Co into Mo sulfide enhance the HDS activity
apparently but has little effect on HYDO activity. This suggests the different active
sites for these two reactions. Candia et al. (1984) reported that Type II Co—Mo-S
phase with high stacking had better HDS/HYDO selectivity than the Type I Co—
Mo-S one. Choi et al. (2004) reported HYDO occurring at the interfacial sites
between sulfide phase and alumina support and HDS at the edge vacancies MoS,
slabs. Mey et al. (2004) observed that addition of alkali reduces the HYDO activity
more than the HDS one, which enhances the HDS/HYDO selectivity of CoMo/
Al,O3. Recent results showed that the dispersion and stacking of supported NiMoS,
crystallites influence the HDS/HYDO selectivity of FCC gasoline more than other
factors, such as pore diameter or acidity (Fan et al. 2009). Li et al. (2010) found that
longer average slab length of (Co)MoS, phases shows better HDS/OHY selectivity.

Krebs et al. (2008b) developed a kinetic model based on a Langmuir—Hinshel-
wood model with 2-methylthiophene (2-MT) and 2,3-dimetylbutyl-2-ene
(23DMB2N) competing for the same catalytic active site (Fig. 4.8). It shows that
the optimum of the selectivity volcano is shifted to the E(MS) value close to 145 kJ/
mol, higher than the optima found for HYDO activities (close to 120—125 kJ/mol,
dashed line in Fig. 4.8b). In particular, this model discovers that the CoMoS
active phase (E(MS) ~143 kJ/mol) should be more selective than NiMoS
(E(MS) ~128 kJ/mol).

Baubet et al. (2016) investigation of the relation of active structure of CoMoS
catalysts with HDS activity and olefin hydrogenation selectivity. They observed
that the structure of active phase was modified by the change of sulfiding condi-
tions. And the HDS/HYDO selectivity is >2 for all the CoMoS catalysts and
increases as a function of the sulfidation temperature (Table 4.2). The increasing
HDS/HYDO selectivity is mainly due to the enhancement of the TOF of HDS
reaction. And it is found that the HDS/HYDO selectivity can be influenced by the
2D shape driven by the activation-sulfidation conditions of the CoMoS catalyst.
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For diesel HDS catalysts, there needs a tradeoff between HYD and DDS
functions. Although the HYD sites are preferred because of their intrinsically
high activity for desulfurizing hindered DBTs, such as 4,6-DMDBT, they are
however very vulnerable to nitrogen inhibition. On the other hand, the DDS sites,
notwithstanding their low activity for the HDS of hindered DBTs, have the advan-
tage of being more resistant to nitrogen inhibition.

As shown in Fig. 4.9, the DBT-HDS and 46DEDBT-HDS systems are nearly
orthogonal to each other because the former requires a high hydrogenolysis (HYL)
selective catalyst, while the latter requires a highly selective catalyst for hydroge-
nation of aromatics (HYA). For deep HDS, the required catalyst properties are a
sufficiently high HY A activity combined with a sufficiently high resistance to N
inhibition. Thus, an optimum industrial catalyst system should represent the best
possible compromise between the two opposing requirements, represented by the
gray area in Fig. 4.9.

Improvement of Co(Ni)Mo(W)S, catalysts for HDS of oil streams is a compli-
cated process. Many parameters are necessary to consider (Fig. 4.10). Sufficient
formation of Co(Ni)-Mo(W)-S active phases is usually pre-required for the ultra-
deep HDS. Support properties determine the diffusion of feed and products
influencing the kinetics of reactions. And they determine the formation of type I
or II active phases. Additives modify support interaction and acid-base properties.
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Fig. 4.9 Desired catalysts for diesel HDS lie inside the gray area that represents the optimum
compromise between two opposing requirements (Ho and Qiao 2010)

- .,

s . {f 2\ P, .
; | | e i - i
Active components/Promaters | o tion technique | \1 | Support Cholee i

High metal loading ! - - 1 Additives i i ALO,, ALO,-SIO,
T = TP Chelating agent, CVD, | ‘i) ALOy ALO,-SIO, i

Bi-msetalli (Codo, NilMao, NiWy 13 3 B,F.P,Ga, La, TALO-TIO, ALO,-ZrO,, Carbon,

- i mpregnation method | i p! i sy p ALY » i
Tri-metallic (NiIMoWV) Pl sund d i 1 Mg Znete. | | zeqlites, SBA-IS, MOMAL |
Noble metals ;o\ e 5} A oo 7
\,

N 3y

Metal support interaction | i Textural propertics, i

Better sulfidation i Acid-base properties control i

Fnhanced dispersion &= Metal support interaction (active site dispersion) |

$ Formation of catalytic sites | L Stability of catalyst

i_ (Typel &dor Type IT: (CoMoS, NiMoS, NMoWS) | -4

-ﬂ""-.“-“-_'-“_-'_._.—'""‘h.

Catalyst with Improved Performance

"'--—-u._..f._

Fig. 4.10 Catalyst components and their key role to the HDS catalyst: a concept of acid-base
supported catalyst (Reproduced from Stanislaus et al. 2010)

Preparation method and preparing parameters in the large extent determined the
active structures and the final catalytic performance of HDS catalysts.

3.2 Synthesis of HDS catalysts

In the conventional impregnation method, the Mo(W)S,-based active phases are
generally yielded by sulfiding oxidic precursors which have been in advance
prepared through three steps, e.g., impregnation on an alumina support, drying,
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and calcination. The addition of chelating agents in the catalyst preparation is an
effective way to improve catalytic activity. Many chelating ligands such as citric
acid, nitrilotriacetic acid, glycol, 1,2-cyclohexanediamine-tetraaceticacid, ethylene
diamine tetraacetic acid, and ethylene diamine have been used in preparation of
HDS catalysts and evidenced to have a positive effect with proper contents (Lélias
et al. 2010; Rana et al. 2007; Sun et al. 2003). To avoid the decomposition of a
chelating agent, the obtained catalyst is usually free from calcination (Pashigreva
et al. 2010).

It reveals that the usage of chelating agents increases the sulfidation temperature
of promoters by the formation of thermally stabilized complexes. This facilitates
the selective location of Co or Ni atoms on the edge sites of preformed MoS,
particles to form the Co(Ni)-Mo-S structure and thus decrease the formation of
separate Co or Ni sulfide particles, part of which may block the active sites of the
catalyst.

The addition of P, B, and F change the acidity and support interaction of HDS
catalysts. Phosphorus and boron increase the support acidity, weaken the interac-
tion between Mo and Al, and enhance the Co decoration on the edge sites of MoS,
particles. They can also increase the Mo and Co dispersion so as to improve the
HDS activity (Rashidi et al. 2013). CO adsorption shows that the electron defi-
ciency of the CoMoS sites increases with boron content. The hydrodenitrogenation
(HDN) activity is strongly improved owing to the acidity enhancement. Meanwhile,
for HDS, the extent of the beneficial effect of boron is smaller and limited to the
boron addition smaller than 0.6 wt%. Increasing the support acidity enhances
mainly the catalytic performances for the hydrogenation routes (Chen et al. 2013a).

Cosmo Oil Co., Ltd. developed highly active CoMo HDS catalyst, C-606A, for
the production of ultra-low sulfur diesel fuels. The preparation method involves
impregnation of the support with a solution containing CoCQO3, MoO3, citric acid,
and phosphoric acid, and air-drying without calcination. The commercial operation
has demonstrated the excellent activity and stability of C-606A under industrial
operating conditions (Fujikawa 2009).

Now alumina is still the most widely used support in preparation of HDS
catalysts. Various nano-porous alumina has been synthesized with novel preparing
methods. Wang et al. (2015b) synthesized hierarchy porous Al,O5 support by the
“pH swinging” method. Pseudo-boehmite is synthesized with the pH value swing-
ing between 10 and 2 with the alternative addition of sodium aluminate and
aluminum nitrate at 45 °C. The prepared pseudo-boehmite was dried and calcined
to obtain the alumina support. The pore sizes and pore distributions can be modified
with pH swinging frequencies. CoMo catalyst using this alumina support with
tri-modal pore distribution improved the HDS of FCC gasoline.

A hard-template method using polystyrene (PS) microbeads is a prospective
technique for the preparation of hierarchical macro/mesoporous materials. The
alumina support synthesized by this approach exhibited a bimodal pore size distri-
bution of 9 nm mesopores and 250 nm macropores (Fig. 4.11). Compared with
template-free method, the PS template increased the pore volume by 2.5 times and
the specific surface area by 20%. The strong macroporous texture reduced the
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Fig. 4.11 A pair of mesoporous and hierarchical macro/mesoporous alumina-supported catalysts
having distinct textural parameters have been chosen to elucidate the effect of texture on activity in
HDS and hydride metal (HDM) of heavy tar oil possessing extremely high viscosity and sulfur
content (Semeykina et al. 2016)

catalyst plugging during HDS of heavy tar. And the templated catalyst resulted in
56% higher HDS conversion that could be accounted for reducing diffusion limi-
tations and increasing the availability of active sites (Semeykina et al. 2016).

Rashidi et al. (2010) prepared nanorod-like mesoporous y-alumina by a
surfactant-templating free sol-gel technique where aluminum isopropoxide was
used as a precursor with ethanol, 2-propanol, or 2-butanol as solvents and sulfuric
or hydrochloric acid as peptizing agents. The mesoporous alumina is a high surface
area, large size, cylindrical pore shape, and high pore volume possessing an acidic
texture and surface defects. These properties facilitate the Mo and Co dispersion
and formation of the Type II Co—-Mo-S phase, thus greatly enhancing the HDS
activity.

Many other supports based on mixed oxides and zeolites have also been devel-
oped. La Parola et al. (2004) investigated CoMo catalysts supported on sol-gel
prepared SiO,-Al,O3 oxides with different Al/Si ratio. They reported that a max-
imum of activity was achieved for the mixed support in correspondence of Al/Si ~ 2.
The different strength and polarizability of Mo-O-Al or Mo-O-Si links are
suggested responsible for the improved dispersion and reducibility of the Mo. For
the mechanically mixed support of Al,O5; and SiO,, the amount of SiO, modifies
textural, acidity, and electronic properties of active phases. Increasing the SiO,
content in the support decreased the interaction of the Mo and Ni phases with the
support significantly influencing their dispersion. High SiO, content produced
larger crystallites of MoS, (Leyva et al. 2012).

Sintarako et al. (2015) investigated the effect of ZrO, as a secondary support on
DBT HDS activity over CoMo/Al,O; catalysts. They found that ZrO, suppressed
the inhibition of pyridine on the HDS activity of CoMo/Al,O3-based catalyst.
CoMo/Al,03-ZrO; catalyst with 10 wt% of ZrO, shown the best HDS performance
which is ascribed to the decrease of the total amount of acid sites on CoMo/Al,O3-
ZI‘OQ.
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Mohanty et al. (2012) synthesized meso-structured alumina-silicate materials
from ZSM-5 nanoclusters and used as catalysts support. The alumino-silicate
materials exhibited different acid strength and textural properties depending on
the time of hydrothermal treatment of the zeolite seeds. Synthesis with short
treating time (4 h) showed properties similar to AI-SBA-15, whereas resembled
ZSM-5 with 24 h long seeding time. The EXAFS study revealed that the highest
sulfidation was achieved for the NiMo catalyst supported on mesoporous alumino-
silicate synthesized from ZSM-5 seeds with 16 h of hydrothermal treatment, which
gave higher HDS and hydrodenitrogenation (HDN) of light gas oil than NiMo/y
Al O3.

Wan et al. (2010) prepared NiW catalysts supported on y-Al,03-MB-TiO,
(denoted as AMBT) composites in which zeolite MB was synthesized from kaolin
mineral. The characterization results showed that the additions of MB and TiO,
reduced the interaction between the metal components and the composite support.
And the overall acidity of the NiW catalysts was tuned by the incorporation of MB
into the support. The high HDS activity of NiW/AMBT catalyst was attributed to
the enhanced hydrogenation activity.

Gao et al. (2015) synthesized a series of ultra-small EMT and nano-sized EMT
zeolites by a template-free system, and the micrometer-sized EMT, EMT/FAU, and
FAU zeolites using 18-crown-6 as structure directing agent. CoMo catalysts using
zeolite-incorporated alumina support exhibited high specific surface areas and pore
volumes. Among the EMT zeolites involved catalysts, the micrometer-sized
EMT-incorporated CoMo catalyst showed the highest HDS efficiency, but with
the greatest loss of octane number due to the excessive olefin saturation. The EMT/
FAU-incorporated CoMo catalysts possessed the suitable B and L acidity sites and
excellent pore structures which made a good balance among HDS,
hydroisomerization, and aromatization activities.

Heteropolyanions (HPA) have been used as precursors for preparing Mo or W
HDS catalysts. The current attention was mainly focused on Keggin (Romero-
Galarza et al. 2011) and Anderson (Palcheva et al. 2010) types HPA. These HPA
were comprising edge-sharing octahedral Mo(W)Oy surrounding a heteroatom.
Waugh-type is another HPA, in which the Ni and the Mo atoms can be included
in a single molecular entity. It features three triplets of MozO,3 edge-sharing
molybdenum octahedra condensation surrounding a central nickel atom. Cationic
exchange of the ammonium cation in Waugh-type NiMo HPA with Ni** can give a
Ni/Mo ratio of 0.45, which was very close to the optimal Ni/Mo = 0.5 reported for
conventionally prepared HDS catalysts (Liang et al. 2014).

Ben Tayeb et al. (2010) deposited the W and Ni in the same entity of HPA on an
amorphous silica—alumina support by incipient wetness impregnation. The best
catalytic result was obtained over the catalyst based on the Ni4,SiW ;039 precursor,
which was 30% more hydrogenating. This catalyst with the high Ni/W ratio
allowed by the HPA salt stoichiometry has the better Ni promoting effect. And a
good dispersion was also obtained.

Use of the cobalt salt of the HPA [Co,Mo;0035H4]® for the preparation of
CoMo HDS catalysts supported on Al,O3, TiO,, and ZrO, shows that this cobalt
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salt HPA leads to higher dispersion and higher promoting effect (Mazurelle et al.
2008). A close interaction between Co and Mo in the final catalyst can be achieved
by impregnating Co-Mo HPA precursors (Martin et al. 2005).

Alsalme et al. (2016) prepared NiMo/SiO, HDS catalyst through the HPA route
using Keggin type phosphomolybdates. The pre-catalyst retains intact Keggin
structure of phosphomolybdic polyoxometalate possessing Brgnsted and Lewis
acidity. During in situ sufidation, the oxidic pre-catalysts transform into an active
sulfidic phase with the loss of Keggin structure and catalyst acidity. And it shows
higher thiophene conversion and higher butene selectivity than conventional indus-
trial NiMo/Al,0; catalyst with similar Mo loading.

North et al. (2015) fabricated bulk and supported Mo- and W-based catalysts
containing Co or Ni as promoters and phosphorus as a modifier through the PHA
route using Keggin type phosphomolybdates and phosphotungstates. Catalyst activ-
ity of thiophene HDS increases in the order of supports: SiO, < TiO, < y-AL,Os.
And CoMoP/y-Al,O5 catalyst shows higher HDS activity and butene selectivity
than the industrial catalyst of comparable composition.

Coelho et al. (2015) synthesized unsupported CoMgMoAl catalysts from
CoMgAl-terephthalate layered double hydroxides which were prepared by ion
exchange with ammonium heptamolybdate, followed by calcination at
723 K. The catalysts were sulfided in situ and subsequently tested in simultaneous
thiophene HDS and cyclohexene hydrogenation (OHYD). Both the HDS and the
OHYD activities of the catalysts increased with increasing Mg content, possibly
due to improved Co/Mo ratio. And the HDS selectivity of the most active catalysts
was higher than that of a commercial alumina-supported CoMo catalyst.

Hgjholt et al. (2011) developed a new approach for preparing bifunctional HDS
catalysts by ion-exchanging CoMog HPA onto the functionalized mesopore surface
of a ZSM-5 zeolite. The obtained bifunctional catalyst displayed a significantly
higher activity compared to the impregnated counterpart. The difference in HDS
activity is attributed to an improved dispersion of the metals throughout the zeolite
support, as illustrated in Fig. 4.12. Combining the intrinsic properties of the
zeolites, such as acidity and size-selectivity, with the possibility to anchor catalyt-
ically active metal clusters in the close vicinity of these acid sites creates the novel
type of bifunctional zeolite catalyst.

Hydrothermal synthesis using water or organic solvents can produce highly
active nano-sized Mo-based sulfide particles. Yoosuk et al. (2010) prepared
unsupported NiMo sulfide catalysts from ammonium tetrathiomolybdate and nickel
nitrate by a hydrothermal synthesis method. The activity of these catalysts in the
simultaneous HDS of DBT and 4,6-DMDBT is higher compared to that of the
commercial NiMo/Al,O5 sulfide catalysts. Meanwhile, the unsupported NiMo
sulfide catalysts showed higher activity for HYD pathway than the DDS pathway
in the HDS of both DBT and 4,6-DMDBT. Higher temperature and higher H,
pressure and addition of organic solvent increased the HDS activity. Higher prep-
aration temperature increased HYD selectivity. The optimal Ni/(Mo+Ni) ratio for
the NiMo sulfide catalyst was 0.5, higher than that for the conventional Al,O3-
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Fig. 4.12 Schematic illustration of the functionalization and anchoring of CoMo on hierarchical
ZSM-5 with (a) SEM image of the parent hierarchical ZSM-5, (b) and (c) TEM images of the spent
anchored catalyst, (d) TEM image of spent impregnated catalyst. The insets in a, ¢, and d part show
the pore size distributions (Reproduced from Hgjholt et al. 2011)

supported NiMo sulfide catalysts. This was attributed to the high dispersion of the
active species and more active NiMoS generated.

Lai et al. (2016a) synthesized uniform 3D NiMoS nanoflowers with self-
assembled nanosheets via a simple hydrothermal growth method using elemental
sulfur as sulfur sources. The HRTEM results indicate that the curve/short MoS,
slabs on the nanosheets possess dislocations, distortions, and discontinuity, produc-
ing more Ni-Mo-S edge sites. The NiMoS nanoflower catalysts exhibited an
excellent HDS activity for thiophene and 4,6-DMDBT. Liu et al. (2016) used a
facile one-pot evaporation-induced self-assembly method to synthesize ordered
mesoporous NiMo-Al,O5 catalysts with P123 as a structure-directing agent and
anhydrous ethanol as solvent, which presented high HDS activities of DBT. By the
hydrothermal method, Li et al. (2016) obtained a higher stacking layer number of
MoS,.., where the S/Mo atomic ratio was controlled by adjusting the concentration
of S and Mo precursors. It was observed that the catalysts with lower S/Mo ratio
show a higher HDS/HYDO selectivity of gasoline due to larger sulfide crystallites
exposed lower corner sites.

Hadj-Aissa et al. (2016) prepared CogSg@MoS, unsupported catalysts by a
solution reaction in ethylene glycol using cobalt sulfide seeds. The core-shell hybrid
catalysts show high activity in HDS with an exceptionally high thermal stability.
The catalytic sites takes place at the interface between the cobalt sulfide crystallites
and the stacks of MoS, slabs. It is consistent with the NiWS system with nickel
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sulfide covered with bent WS, slabs, where the active centers are located at the
interface between nickel sulfide and WS, slabs (Le et al. 2008).

Shan et al. (2015) reported W-based hybrid nanocrystals as a precursor to
prepare NiW/AlL,O; catalysts showing highly selective HDS performance of FCC
naphtha. Singh et al. (2016a) synthesized ultra-small NiMo oxide nanoclusters
(~2 nm) by colloidal synthesis using oleic acid and oleylamine as ligands, followed
by incorporation of nanoclusters into the pores of y-Al,O3 and calcination. Com-
pared to the catalyst using wet impregnation method, the nanoclusters prepared
sulfide catalyst showed enhanced catalytic activity for the DBT HDS. Using the
same procedure, Co-promoted MoO; nanoclusters supported over y-Al,O;
possessing increased Mo edge atoms presented improved HDS performance
(Singh et al. 2016b).

Scott et al. (2015) prepared NiMoS nanoparticles of 100 nm with crystallite sizes
3-5 nm by precipitation from micro emulsions. These particles show good HDS
conversion (50%) of a vacuum as oil, as well as an enhanced HDN activity
compared to the NiMo/Al,O; catalyst.

Gonzalez-Cortes et al. (2014) synthesized y-alumina-supported NiMoW catalyst
via the impregnation solution-based combustion method using urea as fuel for deep
hydrotreating. This preparing method avoids the formation of Al,(MoO,)s,
NiMoO, or NiWQ,, instead of that it facilitates a strong interaction of NiO with
MeOx species that could enhance the promoter effect of Ni on the edges of Mo
(and/or W) sulfide. The presence of tungsten in the NiMo catalyst selectively
enhances the HDS reaction rates through the hydrogenation pathway. This is
attributed to the type II Ni-(Mo/W)-S structures and a combination of Ni, Mo,
and W.

Recent years, ordered mesoporous materials have been extensively investigated
as the support of HDS catalysts (Garg et al. 2008). The mesoporous supports can be
coarsely classified as 2D channels, such as MCM-41, SBA-15, and HMS, and 3D
channels, such as MCM-48, SBA-16, KIT-6, and FDU-12 (Fan et al. 2009). When
the active phases are incorporated into the pores of the meso-porous support, their
structural and electronic properties will be tuned by the confining effect of the pore
size, as well as support interaction.

Zepeda et al. (2014) investigated the effect of Al and P additives in NiMo/HMS
catalysts on HDS activity of thiophene and 4,6-DMDBT. It was found that NiMo/
Al-HMS-P catalysts containing 1.0 wt% of P exhibited the best performance in both
HDS reactions as a consequence of the proper balance between the active phase
dispersion and hydrogenation ability.

Tang et al. (2013) introduced the Co and Mo into the mesopores and micropores
of mordenite nanofibers. This CoMo catalyst exhibited an unprecedented high
activity (99.1%) as well as very good catalyst stability in the HDS of
4,6-DMDBT compared with a conventional y-alumina-supported CoMo catalyst
(61.5%). This is due to that the spillover hydrogen formed in the micropores
migrates onto nearby active CoMo sites in the mesopores.

Hao et al. (2016) used micro-mesoporous ZK-1 molecular sieves with different
Si/Al ratios as supports for preparing Co-Mo catalysts. The CoMo/ZK-1 catalysts
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show high surface areas (~700 m*/g), large pore volumes, and hierarchical porous
structures, which promote the dispersion of Co and Mo oxide phases on the ZK-1
supports. The TPR results show that the interactions between the Co and Mo oxide
phases and the ZK-1 support are weaker than those in the CoMo/y-Al,O5 catalyst.
Under mild reaction conditions, the DBT HDS activity of CoMo/ZK-1 was higher
than those of Co and Mo supported on ZSM-5, AIKIT-1, and y-Al,Os3.

4 Characterization of Synthesized Mo(W)S,-Based
Catalysts

Characterizations can reveal the relation of structures with the catalytic properties
and assist the development of catalysts. Okamoto et al. (2004) developed an
efficient technique to identify the maximum potential activity of HDS catalysts.
They used Co(CO);NO as a probe molecule to coordinate on the edges of MoS,
particles forming the Co-Mo-S active phases by CVD method (Fig. 4.13). The Co
K-edge XANES results confirmed a selective formation of Co-Mo-S phase. Using
this special “characterization,” some important information can be obtained, such
as maximum potential HDS activity, the extent of blocking of the active phase, the
coverage of Co(Ni) atoms, and the dispersion of the MoS, particles in Co(Ni)Mo
(W)S, catalysts.

It was found that Co(CO)3;NO molecules selectively adsorb on the vacant edge
sites of MoS, particles if the contents of Ni or Co promotors are below the

N4 MoS, Oy MoS,

C ( 3
( )
( )] ( )
I ALXO3 | [ Al;03
<2wt% Co <2wt% Co
Co(CO)3NO .
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Co-MoS,/ALh04 CVD-Co/Co-MoS,/ALH03

Fig. 4.13 Schematic surface models of Co-MoS,/Al,0;3 and CVD-Co/Co-MoS,/Al,O
(Reproduced from Okamoto et al. 2004)
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saturation threshold. The tested HDS activity of CVD-Co/MoS,/Al,03 is the
maximum potential activity of CoMoS,/Al,0; at the situation that the edges of
MoS, particles are fully occupied by Co atoms without any blocking by Co sulfide
clusters (Okamoto 2003). If the MoS, edge has already been occupied by promoter
Co(Ni) atoms, the Co(CO)3NO molecules are converted to less active, separate Co
sulfide clusters, resulting in a decreased HDS activity.

Lai et al. (2016b) studied the effect of non-stoichiometric sulfur on the NiMoS
structure of NiMo/Al,0O3 and unsupported NiMo catalysts. Their results indicated
the presence of reducible nonstoichiometric sulfur species (composed of S*~, S,* ",
and S°) on the NiMoS surface and a sulfur dynamic equilibrium between the
NiMoS edge and the gas phase. The S-S bonds on the NiMoS edge can be cleaved
by hydrogen to form SH groups releasing H,S. This leads to a significant increase of
coordinatively unsaturated sites (CUS) on the NiMoS edge, beneficial for HDS
activity. It was found that nonstoichiometric sulfur over the NiMoS/Al,Oj; catalyst
shows a higher H,S partial pressure sensitivity than that over the unsupported
NiMoS catalyst.

The sulfidation of supported NiW catalysts at different temperatures was shown
in Fig 4.14. Conversion of tungsten oxides to WS, is more difficult than molybde-
num oxides to MoS,; therefore, typical sulfidation procedures result in mixed
WO,S, and WS, phases. The former phase stabilizes Ni sulfide particles to form
NiS-WO,S,, which is the precursor of the Ni-W-S phase. Mossbauer spectroscopy
demonstrated that the NiS particles redisperse over the WS, edges when partly
oxidic tungsten phases transform to WS,. Owing to very slow W sulfidation, the Ni
promoters end up in two phases, i.e., Ni-W-S and NiS-WO,S, phases, this in
contrast to Co(Ni)Mo catalysts that mainly contain Co(Ni)-Mo—S phases after
sulfidation. The NiS-WO,S, phase is deemed to perform well in liquid-phase
HDS reactions whereas the Ni-W-S phase is most active for gas-phase HDS. The
relative speciation of these two phases for alumina-supported NiW can be con-
trolled by parameters as the calcination temperature and the sulfidation temperature
and pressure. Chelating agents improve the edge occupation in NiW catalysts
significantly by retarding Ni sulfidation. This is a more efficient formation of the
Ni-W-S phase.

van Haande et al. (2015) studied morphology and structures of Ni-promoted
mixed Mo, W, _,S,/Al,05 catalysts under different sulfidation and reaction con-
ditions, as shown in Fig. 4.15. XPS and EXAFS showed that the slower sulfidation
kinetics of W in activation process lead to the two-dimensional core-shell structure
of NiMo,W, _,, sulfides with Mo located in the core and W in the shell. Increasing
the H,S/H, pressure during sulfidation distributed Mo and W more homogeneously,
which was attributed to the favorable sulfidation of W under these conditions. And
support interactions in the oxidic precursor plays a key role in the formation of these
structures. Catalytic testing demonstrated that a core-shell structure is more active
for thiophene HDS, whereas homogeneously mixed Mo, W, _,,S, phase catalyzes
the HDS of DBT.
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Fig. 4.14 W and Ni EXAFS k*-weighted FT functions of NiW/Al,Os after sulfidation at indicated
temperatures, showing that W sulfidation starts at 573 K. Intervals I and II indicate the W—-W
contributions of WO; and WS;, respectively. Ni is already completely sulfided at 573 K (Adapted
from Hensen et al. 2007)

Nikulshin et al. (2014) investigated the effect of carbon on active phase mor-
phology. Carbon varies the ratio of stacking number/linear size of active phase
particles. As a result, the HYD/DDS selectivity of DBT is changed (Fig. 4.16). And
the hydrogen uptake by the C-coated support could be a source of hydrogen for
HDS reactions.
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Fig. 4.15 Possible structures of the active phase in Ni-promoted Mo, W, _,, catalysts (x < 1) at
different HDS environment. For the sake of clarity, Ni has been omitted from the drawings
(Adapted from van Haande 2015)

5 Application of Mo(W)S,-Based Catalysts for Deep
Desulfurization

The synergy coordination of process technology with catalyst property is of critical
importance for the industrial application of HDS catalysts. To tradeoff between
ultra-deep HDS and octane containing in clean gasoline production, a two-stage
fluid catalytic cracking (FCC) gasoline hydro-upgrading process is proposed with
the selective HDS catalyst in the first reactor and the complemental HDS and octane
recovery catalyst in the second reactor (Fig. 4.17). The full-range FCC gasoline is
firstly separated into light and heavy cracked naphtha fractions (LCN and HCN)
through distillation at 60 °C. LCN contains thiols as major sulfur-containing and
most of the olefins with high-octane, and HCN contains mainly refractory sulfur-
containing compounds (such as thiophenes, alkylthiophenes, and benzothiophenes)
and low concentration of olefins. The LCN is treated with a 10% NaOH solution to
remove the predominant C, and Cj; thiols. And the HCN is selectively desulfurized
over a K and P modified Co-Mo/Al,O; catalyst, followed by octane recovery over a
Ni-Mo/HZSM-5 catalyst achieving hydroisomerization and aromatization of resid-
ual olefins as well as the compensating HDS. Finally, the hydro-upgraded HCN and
caustic-treated LCN is blended again to obtain high-quality gasoline. The process
endowed superior octane recovery ability while remarkably reducing the olefin
content of FCC gasoline.

Control of the coordination patterns and the ratio of promoters/Mo(W), to a large
extent, dominates the final performance of HDS catalysts, Zuo et al. (2004) studied
the influence of Ni promoter amounts on thiophene HDS reaction of NiW catalysts.
Compared with no-promoting catalysts they observed about 30 times drastic
increase of activity for the catalyst with optimized Ni contents. It mainly correlates
to the concentration of Ni-W-S phase. Meanwhile, the Ni promoters lead to a slight
increase of stacking and length of WS, crystallites, as well as sulfidation of WO,
precursors.

Figure 4.18 shows the effect on additional amount of Ni promoters on the HDS
of different sulfur compounds over the NiMoS,/y-Al,O5 catalysts. It can be seen
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Fig. 4.16 3D dependences of TOF number (a) and HYD/DDS selectivity (b) in DBT HDS on
average length and average stacking number of Co(Ni)MoS, particles in the catalysts (Reproduced
from Nikulshin et al. 2014)
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Fig. 4.17 Schematic diagram of the two-stage process for upgrade of FCC gasoline (Reproduced
from Fan et al. 2013)

that the rate constant shows a volcano type with a maximum at Ni/(Ni + Mo) ~ 0.33
where the NiMo catalyst is about 20 times higher active for DBT HDS than the Mo
one. The rate constants of 4-methyldibenzothiophene (4-MDBT) and 4,6-DMDBT
are dropped by roughly a factor of 2-3 and 4-6, respectively, owing to the steric
hindering effect of substituents. Meanwhile, the DDS pathway of HDS of all three
DBT derivatives is significantly enhanced by the addition of Ni, as shown in
Fig. 4.18 (b), which is attributed to the formation of Ni-Mo-S phase.

Yin et al. (2016) studied the deep HDS of FCC and coking gas oils over highly
loaded NiMoW catalysts compared with a commercial NiMo/y-Al,O; catalyst and
a highly loaded NiMo catalyst. The observed that the FCC gas oil was relatively
easier to process than coking gas oil. 4-MDBT had been totally removed when the
coking gas oil was desulfurized to a level of 50 pg/g S. And only 4,6-DMDBT and
2,4,6-trimethyldibenzothiophene were detected in the deep HDS to a level less than
10 pg/g S. The highly loaded NiMoW catalyst had a higher activity than highly
loaded NiMo and commercial NiMo/y-Al,O5 catalyst, more suitable for the pro-
duction of ultra-low-sulfur gas oils.

Peng et al. (2016) evaluated the deep desulfurization efficiency of stacking
schemes for processing diesel feeds (Fig. 4.19). Results showed that the
W-Mo-Ni/Mo-Co catalyst stacking is the most effective because of the following
two reasons: (1) loading W-Mo-Ni catalyst on the upper bed of reactor not only
facilitates the saturation of polyaromatics even but also provides low nitrogen feed
for the bottom bed; (2) loading Mo-Co catalyst with alkyl transfer performance in
the bottom bed favors the alkyl transfer reaction at high temperature, consequently
improving the HDS efficiency.
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Fig. 4.19 Schematic deep HDS process in two-stage stacking bed (Reproduced from Peng et al.
2016)

To be confronted with the inhibition of nitrogen containing a compound to HDS,
ExxonMobil Research and Engineering Co. developed a catalyst-zoning strategy
that plays the strength of two catalysts with very different selectivity (Ho and Qiao
2010). For example, to treat light catalytic cycle oil (LCO), one catalyst used is a
bulky Ni0.5Mn0.5Mo sulfide that has a very high HYA selectivity (Ho 2004). The
other is sulfided CoMo/Al,O; catalyst, which is HYL selective. The HDS activity
of the bulky catalyst is more sensitive to N inhibition than that of the supported
CoMo catalyst. A profitable way of using these two catalysts is to place
Nip.sMng sMo sulfide downstream of CoMo/Al,O5 in a stacked-bed reactor. Even
a modest HDN by CoMo/Al,O; catalyst can significantly dampen the N inhibition
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impacts on the downstream bulky catalyst. And the bulk catalyst is relatively
insensitive to the H,S generated from the CoMo/Al,O5 catalyst. It noted that the
50/50 stacked bed outperforms a uniform mixed bed. This is because an effective
ultra-deep HDS process requires a delicate balance between the hydrogenation
function and tolerance of organonitrogen inhibition among catalysts. Cobalt as a
promoter plays an important role in helping MoS,-based catalysts combating
organonitrogen inhibition.

A potential valorization of pyrolysis oils from lignocellulosic biomass is their
co-hydrotreatment with petroleum cuts to produce transportation fuels (Pinheiro
et al. 2009). Bui et al. (2009) investigated the impact of co-processing guaiacol, a
representative oxygenated molecule of pyrolitic bio oils, with a straight run gas oil
in an HDS process over the CoMo/Al,0Oj; catalyst. A decrease of HDS performance
was observed at low temperature and high contact time. It was assigned to the
formation of intermediate phenols competing with sulfur containing molecules for
adsorbing on hydrogenation/hydrogenolysis  sites. However, complete
hydrodeoxygenation (HDO) of guaiacol was observed above 320 °C and HDS
could proceed without any further inhibition.

Co-hydroprocessing of fossil fractions with lipids is an alternative pathway for
integrating biomass in the transportation sector (Mercader et al. 2011). Bezergianni
et al. (2014) evaluated CoMo/Al,0; and NiMo/Al,O; catalysts for
hydroconversion of heavy atmospheric gas oil (HAGO) and waste cooking oil
(WCO) mixtures. The results showed that the HDS efficiency depends primarily
upon the reaction temperature and HAGO to WCO ratio. The HDS of NiMo
catalyst is not affected by WCO, even in the 330 °C low temperature. However,
the addition of WCO leads to strong deactivation of the CoMo catalyst. It was
evident that NiMo type catalysts are more suitable for co-hydroprocessing of
petroleum fractions with lipid-containing feedstocks.

Chen et al. (2013b) study the co-hydroprocessing of canola oil-heavy vacuum
gas oil (HVGO) with different blending ratios under typical hydrotreating condi-
tions over a commercial NiMo/Al,O; catalyst. It was found that the HVGO-—canola
oil blend feeds had a higher conversion to the light product than the pure HVGO
feed at similar operating conditions. However, the HDS and HDN were not affected
by the addition of canola oil. Under similar conversion or light product yield,
co-processing of HVGO-canola oil blends required lower temperature and/or
pressure than the pure HVGO hydroprocessing, an implication of potential energy
saving. It was also found that at the same conversion, the HVGO-canola oil blends
generated more diesel but less gasoline than pure HVGO, an effective way to meet
the fast increasing diesel demand. Vonortas et al. (2014) studied the effect of the
refined and acidic vegetable oil content (0-30 wt%) on the co-hydroprocessing of
their mixtures with gas oil over a NiMo/Al,Oj; catalyst. It was found that 49-55% of
the ester bonds are removed by the decarboxylation/decarbonylation pathway for
both the refined and acidic vegetable oil. And the influence of the vegetable oil
concentration on gas oil HDS of NiMo catalyst was negligible.
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6 Conclusion

The advanced characterization techniques and DFT calculations have provided a
fundamental understanding of surface reactions and highlighted the role of struc-
tures such as edge, corners, or single atom defects/vacancies as potential active sites
in HDS catalysis. In particular, the atomic-scale insight into the Co-Mo-S active
sites and “brim” edge has led to developing the better industrial HDS catalysts.

To supported CoMo, NiMo, and NiW catalysts, improvement can be achieved
by increasing loading level of active metal (Mo, W, etc.); by adding one more
transient metal (e.g., Ni to CoMo or Co to NiMo); and by incorporating a noble
metal (Pt, Pd, Ru, etc.), but these methods may lead to the increase of cost and
become unacceptable from economic perspective. Thus, enhancement of atomic
efficiency of metals is more favored, such as the formation of as many as active
centers with a limited amount of metals, control of active structures granting higher
catalytic activity and synergy of different catalytic functions.

Apart from deep desulfurization, other catalytic properties are also important.
Catalysts used for gasoline fraction HDS should suppress the hydrogenation to
olefins avoiding the octane loss. But catalysts for diesel oil streams needs to have
enough hydrogenation ability so as to achieve the desulfurization of refractory
sulfur-containing compounds by HYD route and saturation of aromatics improving
the cetane number. For the HDS of heavy fuels, a bi- or multi-functional catalyst is
necessary to balance the hydrogenation of metal sites with cracking of acidic sites
on support. Thus, the HDS catalysts require the fitful compromise among catalytic
properties for specific type fuels.

Design and fabrication of HDS catalysts based on the rich understandings of
active structures, the reaction mechanism, and kinetics as well as reaction engi-
neering have become a trend with the fast advances in fundamental research and
industrial application. To satisfy the demand of petroleum industry, it is also
important to improve the synergism between HDS catalysts and the processes.
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Chapter 5
Selective Sulfur Removal from Liquid Fuels
Using Nanostructured Adsorbents

Diana Iruretagoyena and Raul Montesano

Abstract In recent years, there has been an increasing pressure to develop strate-
gies to reduce the level of sulfur in transportation fuels due to stringent environ-
mental regulations. Currently, hydrodesulfurization (HDS) is the most mature (pre-
FCC) technology to remove sulfur from gasoline and diesel. However, conven-
tional HDS can hardly produce ultra-low sulfur fuels while maintaining important
fuel requirements (i.e., oxygen content, overall aromatic content, olefin content for
gasoline, and cetane number for diesel). As a consequence, improvement of
existing HDS processes and development of new desulfurization technologies is
needed. In this regard, selective adsorption removal of sulfur (SARS) is a promising
emerging approach for ultra-deep desulfurization of refinery streams by means of
solid adsorbents. Contrary to HDS, SARS is usually carried out at low temperatures
and pressures with minimal hydrogen consumption, preventing olefin hydrogena-
tion and thus maintaining the properties of the fuels. This chapter presents a general
overview of SARS. Emphasis is given to the use of nanostructured materials as
sulfur adsorbents. Section 5.1 introduces the chapter presenting a general descrip-
tion of HDS, SARS and other emerging desulfurization technologies. Section 5.2
describes the two main groups of SARS (adsorption desulfurization and reactive
adsorption desulfurization). Subsequently, the three main mechanisms for sulfur
adsorption (z-complexation, direct sulfur—adsorption site interactions, and bulk
incorporation in reactive adsorption desulfurization) are reviewed. Section 5.3
gives an overview of relevant literature concerning the use of promising groups
of nanostructured adsorbents for SARS including zeolites, MOFs, mesoporous
silicas, and carbon-nanostructured adsorbents. Finally, Sect. 5.4 gives some con-
cluding remarks.
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1 Introduction

In recent years, there has been an increasing pressure to develop strategies to reduce
the level of sulfur in transportation fuels due to stringent environmental regulations.
The European Parliament has set a limit of 10 ppm of sulfur in gasoline and diesel
since 2009 while the Environmental Protection Agency (EPA) has adopted the
same limit in the Clean Air Act (Tier 3) effective from January 2017. In most
refineries, gasoline and diesel are formed by blending the corresponding straight-
run distillates with additional naphtha and diesel coming from cracking processes
(fluid catalytic cracking FCC, hydrocracking and thermal cracking of the vacuum
residue). The product from the cracking units contributes with ca. 48% of the
gasoline and 39% of the diesel pools, but amounts to 97% and 63% of the sulfur
content, respectively. Evidently, treatment of cracking streams is essential to meet
the low sulfur limits in current regulations and therefore emphasis has been given to
pre- and post-FCC desulfurization in recent years.

Hydrodesulfurization (HDS) is the most mature (pre-FCC) technology to
remove sulfur from gasoline and diesel. In this process, hydrogen reacts with the
organosulfur compounds to produce sulfur-free hydrocarbons and
H,S. Conventional HDS is carried out at high temperatures (300-400 °C) and
hydrogen partial pressures over sulfided CoMo/Al,O5; and NiMo/Al,Oj3 catalysts.
The reactivity of the sulfur-containing compounds depends on the steric hindrance
and the electron density of the sulfur atom and decreases in the following order:
mercaptans, sulfides, disulfides, thiophenes, and benzothiophenes (and their
alkylated derivatives), and polynuclear sulfur compounds. It is possible to meet
the ultra-low sulfur levels imposed on gasoline by current regulations under severe
HDS conditions and using improved catalyst formulations (Topsge et al. 1999;
Gutierrez et al. 2015) but higher temperatures lead to an increased catalyst deacti-
vation by coke deposition while higher H, partial pressures enhance the undesired
hydrogenation of unsaturated hydrocarbons, lowering the octane number. The
gasoline can be upgraded in a subsequent stage (isomerization + alkylation) but
to the detriment of the process economics. In the case of diesel, the competitive
adsorption between sterically hindered sulfur compounds and polyaromatics
decreases the desulfurization rate at low sulfur contents, and therefore, extremely
large catalyst volumes are required for deep HDS.

From the discussion above it is evident that conventional HDS can hardly
produce ultra-low sulfur fuels while maintaining important fuel requirements
(i.e., oxygen content, overall aromatic content, olefin content for gasoline, and
cetane number for diesel). As a consequence, improvement of existing HDS
processes and development of new desulfurization technologies is needed. Prom-
ising approaches for industry have been reviewed by Babich and Moulijn (2003)
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and Song (2003) and include HDS with fuel specification recovery (Javadli and de
Klerk 2012) and catalytic distillation (Ju et al. 2015), shifting the boiling point by
alkylation (Arias et al. 2008), desulfurization via extraction (Farzin and Miran
2015), selective oxidation (Seeberger and Jess 2010), and selective adsorptive
desulfurization (Menzel et al. 2016). This chapter presents a general overview of
selective adsorption for removal of sulfur compounds (SARS). Emphasis is given to
the use of nanostructured materials as sulfur adsorbents. Section 5.2 describes the
two main groups of SARS (adsorption desulfurization and reactive adsorption
desulfurization). Subsequently, the three main mechanisms for sulfur adsorption
(m-complexation, direct sulfur—adsorption site interactions, and bulk incorporation
in reactive adsorption desulfurization) are reviewed. Section 5.3 gives an overview
of relevant literature concerning the use of promising groups of nanostructured
adsorbents for SARS including zeolites, MOFs, mesoporous silicas, and carbon-
nanostructured adsorbents. Finally, Sect. 5.4 gives some concluding remarks.

2 Selective Adsorption Removal of Sulfur Compounds

Selective adsorption removal of sulfur (SARS) is an emerging approach for ultra-
deep desulfurization of refinery streams by means of solid adsorbents. SARS is
most often regarded as a complementary step to conventional HDS for FCC
naphtha and diesel, or as a final treatment to the blended pools. Contrary to ultra-
deep HDS, SARS is usually carried out at low temperatures and pressures with
minimal hydrogen consumption, preventing olefin hydrogenation and thus
maintaining the properties of the fuels (e.g., octane and cetane numbers). In
addition, the milder operating conditions of SARS potentially decrease the cost of
the process, particularly considering the lower H, consumption, which is one of the
most expensive items in ultra-deep HDS. Selective adsorption removal is conceived
as a cost-effective strategy to reach ultra-clean fuel levels, removing the less
reactive species that remain after conventional HDS. The main challenge of
SARS is to find suitable solid adsorbents for the process, with high adsorption
capacity, fast kinetics, adequate stability and renewability, and high selectivity for
organosulfur compounds in the presence of competing species such as olefins and
aromatics. SARS can be classified into two groups depending on the type of
interaction between the organosulfur compound and the adsorbent: adsorption
desulfurization and reactive adsorption desulfurization.

2.1 Adsorption Desulfurization

Adsorption desulfurization involves a weak interaction between the organosulfur
molecules and the adsorbent (parallel adsorption via m-electrons of the aromatic
rings) at low temperature (below 300 °C), low pressure (near atmospheric), and in
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Fig. 5.1 Schematic representation of (a) IRVAD (adapted from Irvine 1998), (b) PSU-SARS
processes (adapted from Velu et al. 2005)

the absence of hydrogen. The low heats of adsorption involved allow the adsorbed
molecules to be easily desorbed by moderate changes in the process conditions, for
instance, flushing the spent adsorbent, increasing temperature or decreasing pressure.
In adsorptive desulfurization processes, the sulfur molecules are recovered during
regeneration in a concentrated stream which can be treated easily downstream.
Research in adsorptive desulfurization has focused on the use of pure and modified
activated carbons (Thaligari et al. 2016), CoMo-catalysts (Kim et al. 2016), alumina
(Ullah et al. 2016), silica (Rodrigues et al. 2014), and zeolites (Lee and Valla 2017).
Two main processes have been developed but have not been implemented in the
industry yet. The IRVAD process consists of a moving bed of alumina-based adsor-
bent which is counter-currently brought into contact with FCC and coker naphta,
Fig. 5.1a (Irvine 1998). The process operates at 240 °C and pilot tests have shown
90% reduction in the sulfur content. The spent adsorbent is regenerated at a slightly
higher temperature and recirculated back to the adsorber. The alumina composition is
optimized to improve hydrocarbon recovery during desorption. The PSU-SARS
process operates between ambient temperature and 250 °C using an undisclosed
adsorbent, most likely a transition metal complex supported on a zeolite, Fig. 5.1b
(Velu et al. 2005). Experiments in laboratory scale showed that less than 20 ppmw
remained in gasoline, jet fuel, and diesel treated with the developed adsorbents.

2.2 Reactive Adsorption Desulfurization

In reactive adsorption desulfurization, the sulfur atom from the organosulfur com-
pound interacts strongly with the adsorption sites, remaining bounded to the
surface. The organic molecule is hydrogenated and desorbed to the fuel stream
without further structural changes. A schematic representation of this desulfuriza-
tion process is given in Fig. 5.2. The operating conditions for reactive adsorption
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Fig. 5.2 Schematic representation of reactive adsorption desulfurization of thiophene using
Ni/ZnO (adapted from Babich and Moulijn 2003)

are more severe than for nonreactive adsorption desulfurization, requiring the
presence of H, at temperatures between 300 and 400 °C and pressures between
2 and 20 bar. However, less hydrogen (and with lower purity) is required compared
to ultra-deep HDS and the fact that sulfur is captured by the adsorbent prevents
possible recombinations between H,S and the hydrocarbons in the stream. During
regeneration, sulfur is recovered as H,S, S or SO,, depending on the procedure
applied.

Most of the research regarding reactive desulfurization has dealt with metallic
particles (mainly Ni) dispersed on metal oxides (ZnO, Al,Os3, Si0,) (Tawara et al.
2001; Park et al. 2008). ConocoPhillips developed a process called S-Zorb SRT
which consists in a fluidized bed of adsorbent operating between 340410 °C and
2-20 bar, requiring hydrogen purity above 50% (Song 2003; Babich and Moulijn
2003). The adsorbent is undisclosed but is known to be based on reduced metals and
metal oxides that are sulfided during operation (most likely Ni/ZnO + SiO, + Al,O3).
This technology can remove sulfur to levels below 10 ppmw from naphtha and
diesel in a single step. Regeneration is carried out in a separate vessel. The process
was implemented in Borger Refinery in Texas in 2001 and a second unit came
online in Ferndale, Washington in 2003. The technology was bought by Sinopec
in 2007.

2.3 Mechanisms of Sulfur Adsorption
2.3.1 m-Complexation

Donor—acceptor complexes are known to form between the m-electron system of
aromatic rings (i.e., benzene and thiophene) and adsorption sites with electron—
donor character. Here, the aromatic ring adsorbs parallel to the solid surface,
preventing any steric hindrance from alkyl groups (Hernandez-Maldonado et al.
2005). Common examples of adsorbents that form n-complexes are alumina (Irvine
1998) and activated carbon (Salem 1994). The electron density of the aromatic
species is influenced by the nature of the substituent groups and therefore differ-
ences in electron affinity exist between organosulfur molecules and sulfur-free
aromatics. However, low selectivities for sulfur removal are often observed due
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to the low concentration of the organosulfur compounds and to the abundance of
sulfur-free aromatics that remain in the fuels after conventional HDS (Salem 1994).

The selectivity of m-complexation increases by the incorporation of dispersed
metal ions on the adsorbents. The empty s-orbitals of transition metal cations can
form m bonds with a lone electron pair of sulfur while their d-orbitals can back-
donate electron density to the antibonding s-orbitals of the thiophene rings
(Hernandez-Maldonado et al. 2005). This results in a stronger adsorption of sulfur
molecules and hence higher selectivity and capacity. An increased selectivity
towards thiophenic molecules for Cu* exchanged zeolites was predicted by molec-
ular orbital calculations and corroborated experimentally (Takahashi et al. 2002).
PdCl, supported on activated carbon showed the high capacity to remove
benzothiophene from model jet fuel. A synergetic effect was proposed between
the carbon support and the Pd** ions where the thiophene ring interacts with the
metal through m-complexation while the benzene ring adsorbs strongly on the
carbon support, Fig. 5.3 (Wang and Yang 2007).

2.3.2 Direct Sulfur—-Adsorption Site Interactions

The relatively high selectivity of some solid adsorbents towards trace organosulfur
compounds in fuels after HDS cannot be explained solely by the n-complexation
mechanism. Considering the eight possible configurations of thiophene in organo-
metallic complexes (Sanchez-Delgado 1994), Song and coworkers (Velu et al.
2005) pointed out that while six of them involve interactions with the n-electrons
of aromatic rings (and therefore are not selective for thiophene over benzene
cycles), the ;S and S-p; configurations are formed via direct sulfur—metal inter-
actions, see Fig. 5.4. The authors showed by molecular orbital calculations that the
highest occupied molecular orbital (HOMO) of thiophene (TP), benzothiophene
(BT), and dibenzothiophene (DBT) is localized more on the sulfur atom, whereas
the HOMO of alkylbenzenes and naphthalene is localized more on the conjugated
ring (Ma et al. 2002). Consequently, preferential adsorption is likely to take place
through the interaction of the HOMO on sulfur and the lowest unoccupied molec-
ular orbital (LUMO) on surface (metal) species. Suitable selective adsorption
centers are Lewis acid sites, functional groups with electron donor properties, and
surfaces with electronic defects.
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Fig. 5.4 Possible adsorption configurations of thiophene in organometallic complexes (adapted
from Ma et al. 2002)

2.3.3 Bulk Incorporation in Reactive Adsorption Desulfurization

The reactivity of organosulfur compounds during reactive adsorption desulfuriza-
tion has been reported to be higher for substituted thiophenes and benzothiophenes
than for thiophene (Babich and Moulijn 2003), indicating that the reaction mech-
anism (i.e., coplanar adsorption, see above) is different from HDS reactions
(Hernandez-Maldonado et al. 2005). In the presence of organosulfur compounds,
there is a thermodynamic drive for some supported and bulk metal oxides (e.g.,
CuO, Zn0O, MoO3, NiO, Al,03, MnO, and Co;0,) to incorporate sulfur in the form
of metal sulfides, resulting in high theoretical capacities (Babich and Moulijn
2003). In practice, high sulfur uptakes have only been observed when metals are
dispersed on the metal oxides (Tawara et al. 2001). A synergetic mechanism for
reactive sulfur adsorption on Ni/Me,O, has been tentatively proposed where
hydrogenolysis of the organosulfur compound is catalyzed by the Ni sites, and
the produced H,S is rapidly re-adsorbed on ZnO which is then sulfided to ZnS,
Fig. 5.5.

3 Nanostructured Adsorbents for Selective Adsorption
Removal of Sulfur Compounds

As mentioned above, the main challenge of SARS is to find suitable solid adsor-
bents for the process, with high sulfur capacity at low temperatures and pressures,
fast adsorption—desorption kinetics, adequate renewability and with high selectivity
to adsorb sulfur in the presence of competing species such as aromatics, olefins, and
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cyclic paraffinic hydrocarbons. In response to these demanding requirements, a
range of potential sulfur adsorbents have been investigated including activated
carbons, ionic liquids, supported metals, metal oxides, zeolites, and metal organic
frameworks (MOFs). The desulfurization performance of each group of materials
depends mainly on their chemical composition, the specific structure, and physico-
chemical properties. In this context, the use of nanostructured adsorbents for SARS
is particularly attractive since their high surface area and porosity improves the
diffusion of sulfur compounds to the actives sites of the solid, facilitating parallel
adsorption via m-electrons of the aromatic rings. In addition, it is possible to tune
their adsorption properties by functionalization and by deliberate creation of defects
during their synthesis. This section provides an overview of relevant literature
concerning the use of promising nanostructured adsorbents for SARS including
zeolites (Sect. 5.3.1), MOFs (Sect. 5.3.2), mesoporous silicas, and carbon-
nanostructured adsorbents such as carbon nanotubes and graphene-like materials
(Sect. 5.3.3).

3.1 Zeolites

Zeolites are crystalline aluminosilicates formed by a network of tetrahedral SiO,
and AlO,~ linked by shared oxygen atoms. The substitution of Si** by AI** in the
ionic structure generates higher electron density on the bridging O atoms, which
needs to be balanced by the addition of a positive ion, typically H* (Brgnsted sites)
or metal cations (Lewis sites). A remarkable characteristic of zeolites is the
occurrence of a well-defined nano-pore structure that turns them into effective
molecular sieves of the very large surface area. Their large surface area, their
sieving properties, and the possibility to tailor the Brgnsted and Lewis character
by tuning their composition render zeolites very interesting materials for adsorption
applications.

Most of the research concerning the use of zeolites for SARS has focused on
investigating the adsorption performance of Y zeolite. Besides showing strong
acidity and an excellent hydrothermal stability, Y zeolite is attractive because its
cage-like cavities (~13 A) interconnected by a wide 3D pore system (diameter
7.4 A) (Kunhao et al. 2015) are able to accommodate large molecules such as
alkylated dibenzothiophene, Fig. 5.6. Many studies have dealt with the removal of
sulfur from model diesel, gasoline, and jet fuels comprising a variety of
organosulfur compounds such as thiophene, benzothiophene, dibenzothiophene,
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Fig. 5.6 Schematic representation of Y zeolite (adapted from Weitkamp 2000)

and 4,6-dymethildibenzothiophene (~1-800 ppmw S). Typically, the experiments
have been carried out at low adsorption temperatures (20—150 °C) and pressures
(1-2 bar). Depending on the operating conditions, the synthesis method and
the pretreatment, the adsorption capacity of Y zeolites ranges from ~0.1 to
15 mgS gua,!

Many studies have shown that Y zeolites exchanged with transition metal ions
(Cu*, Ni*, Zn**, Pd**, and Ag™) exhibit higher capacities and selectivities to adsorb
sulfur compared to NH,Y and NaY zeolites, mainly due to the formation of stronger
n-complexation bonds between the organosulfur compounds and the transition
metals. Yang et al. (2001) synthesized Cu*Y and Ag*Y zeolites for the removal
of thiophene in the presence of benzene and found higher sulfur capacities and
selectivities compared to activated carbon, modified alumina, and other zeolite
structures. The desulfurization performance decreased in the order Cu™Y ~ Ag*
Y > Na-ZSM-5 > activated carbon > NaY > modified alumina ~ H-USY. In a
subsequent study, Yang et al. (Hernandez-Maldonado et al. 2005) synthesized a
monolayer CuCl/y-Al,O5 adsorbent and studied its performance in the desulfuri-
zation of commercial diesel and jet fuels containing 140 and 365 ppmw S, respec-
tively. Although CuCl/y-Al,O3 showed a lower capacity than Cu*Y, it was more
stable. Cu'Y is easily oxidized to Cu®*Y by oxygenates and moisture in the fuel,
losing its T-complexation ability. Xue et al. (2005) studied the removal of thiophene
and benzothiopene from model gasoline containing toluene and heptane and ranked
the desulfurization performance as Ce**Y > Ag*Y > Cu'Y > Na'Y. Bhandari
et al. (2006) reported that Ni"Y and Cu*Y zeolites have higher adsorption capac-
ities for benzothiophene and 4,6-dimethyldibenzothiophene (DMDBT) than Y
zeolites containing Fe**, Zn>*, and Na® with the trend: Ni**Y > Cu'Y > Fe**
Y > Zn**Y > Na'Y. In a more recent work, Zhang et al. (2008) assessed the
removal of dibenzothiophene and 4,6-dimethyldibenzothiophene using various Na*
Y exchanged zeolites and found that the adsorption capacities decreased in the
order: AgY ~ CuZnY > ZnNdY > ZnY > CuY > NiNdY ~ NaY.

There are some discrepancies in the ranking of the desulfurization performance
obtained for the same Y zeolites in the works mentioned above. This suggests that
the capacities and selectivities of the materials do not depend exclusively on their
chemical composition but can be influenced by other factors such as the type of
sulfur species, the method used to synthesize the zeolite and the experimental
adsorption methods. In general, it has been found that Ce-exchanged Y zeolites
show high capacities and selectivities for organosulfur compounds over aromatics
since adsorption occurs mainly via direct sulfur—metal (S—M) interactions rather
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than via m-complexation (Velu et al. 2005; Song et al. 2014a). Hernandez-
Maldonado et al. (2005) and Dastanian and Seyedeyn-Azad (2010) reported that
vapor phase (VPIE) and solid-state (SSIE) ion exchange techniques lead to more
efficient adsorbents compared to the conventional liquid phase ion exchange
method (LPIE). The authors found that VPIE and SSIE minimize cation hydrolysis
effects, avoiding unwanted species into the zeolite framework that result in low
sulfur uptakes. Dastanian and Seyedeyn-Azad (2010) and Bakhtiari et al. (2016)
showed that the stirring time, calcination temperature, and aging period used during
the synthesis of Y zeolites play important roles in the final sulfur adsorption
properties. The variations in the capacities and selectivities reported by different
authors can also be attributed to the specific adsorption methodology used. Tradi-
tionally, batch (Song et al. 2014b), fixed-bed (breakthrough-type) (Velu et al. 2005;
Hernandez-Maldonado et al. 2005; Bhandari et al. 2006), and flow calorimetry
(Ng et al. 2005) tests have been used to investigate the sulfur adsorption properties
of Y-zeolites.

Zeolites Y exhibit higher selectivities for substituted thiophenes and
benzothiophenes than for thiophene in the following order 4,6-DMDBT > 4-M-
DBT > DBT > BT > TP, indicating that selectivity increases with the n-electron
density of the aromatic rings (Hernandez-Maldonado et al. 2005; Song et al.
2014a). Some authors have studied the competitive adsorption of organosulfur
compounds in the presence of nitrogen heterocycles, aromatics, and olefins (Song
et al. 2014a; Han et al. 2016; Ng et al. 2005). FT-IR studies on Ag"Y, Ce**Y, and
Ag*Ce*™Y carried out by Song et al. (2014a) demonstrated that nitrogen-containing
organics such as pyridine adsorb more preferentially than organosulfur compounds
due to stronger interactions with the acid sites of the zeolite. In addition, pyridine
occludes the pores of the zeolites reducing the space available for adsorption of
thiophenic molecules. The authors reported that the uptake of organosulfur com-
pounds by Ag*Y zeolites decreases in the presence of aromatics and olefins since
they also form n-complexes, leading to competitive adsorption. They found that the
decrease in sulfur uptake was minimal for Ag*Ce*"Y zeolites since alongside
n-complexation, adsorption occurs via S-M interaction. Many authors have
shown that the adsorption equilibrium of ion-exchanged Y zeolites can be ade-
quately described by simple Langmuir and Freundlich isotherms and by more
advanced models such as the Langmuir-Freundlich (Sips) isotherm (Xue et al.
2005; Takahashi et al. 2002; Yang et al. 2001; Bakhtiari et al. 2016). The heat of
adsorption of Y zeolites ranges from 10 to 40 kJ mol ', decreasing linearly with the
sulfur coverage (Lee and Valla 2017; Yang et al. 2001; Ng et al. 2005). Lee and
Valla (2017) found that, in comparison to NaY, Y zeolites exchanged with transi-
tion metal ions exhibit higher heats of adsorption, revealing a stronger interaction
between the species and the metal ions. In general, ion-exchanged Y zeolites
exhibit fast sulfur adsorption kinetics which can be described by pseudo-first
order models. Song et al. (2014b) assessed the performance of Cu*Y and Cu*Ce
Y zeolites between 20 and 100 °C and found an optimal sulfur uptake around
50 °C. While there is a thermodynamic drive for adsorption at low temperatures, the
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existence of a maximum sulfur capacity can be explained by low diffusion rates
below 50 °C.

3.2 Metal Organic Frameworks

Metal organic frameworks (MOFs) are highly ordered materials consisting of
metallic nodes (ions or clusters) coordinated to rigid organic molecules to form
one-, two-, or three-dimensional networks, Fig. 5.7. The possibility to choose
among various metallic centers and organic linkers (that can be functionalized)
allow the physicochemical properties of MOFs to be tuned for a particular appli-
cation. In the specific case of catalysis, gas storage, and adsorption, the most
attractive features of MOFs are their high specific surface area (10,400 m” g™ "),
their large pore apertures (98 A), their low density (0.13 g cm ), and their ability to
accommodate guest molecules (Chughtai et al. 2015).

In recent years, there has been an increasing interest in exploiting the adsorption
properties of MOFs to remove pollutants from water and fossil fuels. In the case of
fossil fuels, most studies have used model diesel and gasoline to assess the
performance of different MOFs in the removal of organosulfur compounds, in
particular thiophene, benzothiophene, dibenzothiophene, and alkylsubstituted
dibenzothiophenes. Experiments are usually carried out at atmospheric pressure
and at relatively low adsorption temperatures (20-100 °C). Depending on the type
of MOF and on the solvent and the operating conditions used, the adsorption
capacities range from 2 to 112 mgS g,qs ', which are significantly higher than
those of Y zeolites.

Cychosz et al. (2008) pioneered the use of MOFs for SARS studying the removal
of BT, DBT, and DMDBT from isooctane with five different materials: MOEF-5,
MOF-177, HKUST-1, UMCM-150 and MOF-505. MOF-5 and MOF-177 are
constructed from Zn4O(COO), secondary building units (SBUs) while HKUST-1,
UMCM-150, and MOF-505 are Cu paddlewheel structures. The authors did not find
any correlation between the surface area of the materials and the amount of sulfur
adsorbed. Conversely, they observed that the adsorption performance of all three
Cu materials was clearly superior to the Zn frameworks. UMCM-150 and MOF-505
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Fig. 5.7 Schematic representation of MOFs synthesis (adapted from Chughtai et al. 2015)
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were the MOFs with the highest sulfur uptake which was ascribed to the presence of
coordinatively unsaturated Cu-metal sites. Blanco-Brieva et al. (2013) assessed the
sulfur adsorption performance of Fe-BTC (CoH3;FeOg), MIL-53 (Al) (AI(OH)
CgH,04), and HKUST-1 (Cu3(C9H30¢),) MOFs and found that HKUST-1
exhibited the highest BT and DBT uptake due to a very strong interaction between
the sulfur atom and the open Cu sites. Similar results were reported by Peralta et al.
(2012) using real FCC naphtha and various types of MOFs as adsorbents. The
authors observed that HKUST-1 and CPO-27-Ni exhibited the highest sulfur uptake
and explained their results based on the presence of accessible coordinatively
unsaturated metal sites. They also demonstrated that HKUST-1 and CPO-27-Ni
have higher capacity and are more selective than Y zeolites in the presence of other
aromatic compounds.

It has been reported that the adsorption capacity of MOFs can be significantly
enhanced by the incorporation of transition metals after the synthesis. Khan et al.
(2016) found that the BT uptake of MIL-47 doubled when it was impregnated with
a CuCl, solution. The authors attributed the enhancement to the formation of
n-complexes between the organosulfur compounds and Cu'* ions produced during
the pretreatment of the sample. Shi et al. (2011) reported a significant increase in
the adsorption capacity of MOF-5 when it was impregnated with Mo(CO)s. How-
ever, the authors did not observe any proportional trend between the amount of
sulfur adsorbed and the content of Mo(CO)g in the sample, probably due to pore
blockage at the molybdenum loadings used.

It has been reported that the sulfur uptake of MOFs decreases in the presence of
other organic species (particularly aromatics) due to competitive adsorption.
Cychosz et al. (2008) measured the BT, DBT, and DMDBT adsorption isotherms
of five MOFs in isooctane and isooctane/toluene mixtures, and observed a fivefold
decrease in the organosulfur uptake when toluene was present. Nevertheless, MOFs
were found to be more selective towards sulfur molecules compared to a commer-
cial NaY zeolite used as a benchmark. Shi et al. (2011) reported that a Mo(CO)¢/
MOF-5 reduced its DBT adsorption capacity by 90% in the presence of benzene.
Contrary to these works, in a desulfurization study using real gasoline, Peralta et al.
(2012) found that the sulfur uptake was not influenced by sulfur-free aromatic
molecules but decreased significantly in the presence of olefins and nitrogen
compounds. In a recent study, Khan and Jhung (2012) measured the sulfur capacity
(DBT and DMDBT) of a series of MOFs with a MIL-53 topology in the presence of
diethyl ether and water, which are oxygen-containing molecules that are usually
present in gasoline and diesel pools. They observed a significant enhancement in
the adsorption performance which was attributed to the structural flexibility of the
MIL-53 material. In agreement with these observations, other authors have
suggested that the breathing/flexibility properties of MOFs play a key role in the
discrimination between thiophenic and nitrogen compounds (Van de Voorde et al.
2013). The availability and nature of open metal sites in MOFs also seem to be
crucial factors with regard to the selective adsorption of nitrogen- and sulfur-
containing organics. Maes et al. (2011) assessed the sulfur adsorption performance
of a vast range of MOFs and found that MOFs with hard Lewis open metal sites
(Fe*, Cr’*, AI’*) exhibit strong uptake of N-compounds and only weak affinity
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for sulfur, whereas materials exposing soft Lewis open metal sites (Cu2+, Co?* and
Ni**) were highly selective to S-compounds.

Contrary to Y-zeolites, the sulfur uptake of MOFs decreases significantly during
regeneration with inert gases at high temperature, mainly due to a loss in crystal-
linity and porosity. However, MOFs can be effectively regenerated by polar
solvents such as ethanol, methanol, and isopropanol (Blanco-Brieva et al. 2013).
Blanco-Brieva et al. (2013) investigated the multicycle stability of HKUST-1 after
adsorption of DBT. It was found that the adsorption capacity and crystallinity of the
HKUST-1 adsorbent remained constant after several adsorption-regeneration
cycles using methanol as a solvent. Although more comprehensive studies are
needed to understand the adsorption equilibria and kinetics of organosulfur com-
pounds on MOFs, it has been reported that Langmuir isotherms and pseudo-second
order models can adequately describe the equilibrium and kinetics of the materials,
respectively (Khan and Jhung 2012).

3.3 Mesoporous Silicas and Carbon-Nanostructured
Adsorbents

Mesoporous silicas and some nanostructured carbons are receiving intense attention
as solid adsorbents due to their large specific surface area, adequate pore size
distribution, and unique chemical properties. Capacities above 20 mgS gags '
have been reported for SARS, which is significantly larger than those observed
with promoted Y zeolites.

In a pioneering work using nanostructured carbons, Nazal et al. (2015) assessed
the removal of DBT from model diesel fuel using multi-walled carbon nanotubes
(MWCNTs) and graphene oxide (GO), and found that the capacity of the materials
was significantly increased by promoting them with 5 and 10% Al,O;
nanoparticles. They attributed the enhancement to the introduction of Lewis acid-
ity. Fallah et al. (2015) demonstrated that the passivation of carbon nanoparticles
with polyethylene glycol (PEG-200) enhanced the porosity and introduced acidic
functional groups on the carbon framework that result in high adsorption capacities
of BT, DBT, and DMDBT. GO has been used as support for hydrotalcites (HTs)
and was shown to increase the DBT uptake compared to the unsupported materials,
Fig. 5.8 (Menzel et al. 2016). The enhancement is attributed to an improved particle
dispersion which favors the accessibility of sulfur to the adsorption sites. The
HT/GO hybrids exhibited good regenerability and selectivity in the presence of
biphenyl.

The surface chemistry, i.e., the presence of functional groups and acid sites, has
been found to be as crucial for mesoporous silicas as for carbon nanostructures.
Anbia and Karami (2015) compared the adsorption performance of a nanoporous
carbon prepared using Al-SBA-15 as a template (CMK-3) with that of SBA-15 and
Al-SBA-15. The following order in DBT uptake was found: CMK-3 > AI-SBA-
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15 > SBA-15. CMK-3 exhibited the highest uptake (40 mgS g.qs ) due to a larger
mesopore volume and specific surface area. The adsorption capacity of SBA-15
was significantly enhanced by the addition of Al due to the formation of Brgnsted
and Lewis sites of medium acidity. The presence of transition metals in the
mesoporous silica structures has also been shown to enhance the sulfur capacity
of the adsorbents. PdCl,/SBA-15 was reported to have an increased capacity for
benzothiophene and showed good regenerability by isooctane flushing (Rodrigues
et al. 2014). Ag-impregnated mesoporous aluminosilicate nanoparticles
(AlI-MCM-41) prepared using a plasma treatment also exhibited remarkable sulfur
uptakes from commercial jet fuel JP-8 (41 mgS g.qs ') and were very stable upon
adsorption—desorption cycles (Hauser et al. 2016). The performance of Ag-Al-
MCM-41 was superior to Ag-MCM-41 since the presence of intraframework Al
introduced Brgnsted acidity and aided in the dispersion and retention of Ag ions.

So far, very little attention has been given to the competitive adsorption of
organosulfur compounds using mesoporous silicas and carbon nanostructures.
General trends indicate that GO and MWCNTs adsorb selectively thiophenic
molecules in the presence of aromatics and olefins such as benzene, naphthalene.
and cyclohexene (Fallah et al. 2015). Similar to Y zeolites, preliminary studies
suggest that the carbon nanostructures exhibit higher selectivities for substituted
thiophenes than for thiophene (Khaled 2015). It has also been observed that the
DBT uptake of GO is significantly enhanced in the presence of oxidizing agents
such as n-octanal (Zhang and Wang 2017).

Mesoporous silicas and nanostructured carbons are typically regenerated using
solvents such as ethanol, acetonitrile, toluene, and heptane (Nazal et al. 2015;
Fallah et al. 2015; Khaled 2015) or by thermal treatment in air. In the case of
carbonaceous adsorbents, the temperature should be maintained below 350 °C to
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prevent the combustion of the materials under the oxidizing atmosphere. For both
types of materials, the sulfur adsorption equilibria have been adequately described
by Freundlich and Langmuir isotherms whereas pseudo-second order and linear
driving force models have been used to describe the adsorption kinetics (Khaled
2015; Xiong et al. 2015).

4 Concluding Remarks

Selective adsorption removal of sulfur (SARS) is a promising technology for ultra-
deep desulfurization of refinery streams. Contrary to conventional
hydrodesulfurization (HDS), SARS is carried out at low temperatures and pressures
with minimal hydrogen consumption. This prevents olefin hydrogenation and thus
maintains the properties of the fuels (e.g., octane and cetane numbers). SARS is
also a cost-effective strategy to remove heavy thiophenic compounds that remain
after HDS. However, the main challenge of SARS is to find suitable solid adsor-
bents for the process, with high sulfur capacities, fast adsorption—desorption kinet-
ics, adequate regenerability, and with high selectivity to adsorb sulfur in the
presence of competing species.

Among the range of potential sulfur adsorbents, the use of nanostructured
materials for SARS is particularly attractive since their high surface area and
porosity improves the diffusion of sulfur molecules to the active sites. In addition,
it is possible to tune their adsorption properties by functionalization and by delib-
erate creation of defects during their synthesis. The most widely studied
nanostructures for selective sulfur removal are zeolites, metal organic frameworks
(MOFs), mesoporous silicas, and carbon nanostructures. All of them show capac-
ities that are at least in the range of precompetitive and commercial adsorbents. The
performance of the different nanomaterials depends on the chemical composition,
the nature of the sulfur molecules in the fuels, the presence of competing species,
and the operating conditions. Zeolites have the advantage that the acid-base
properties can be modified in a very controlled way by changing their bulk
composition or through the incorporation of transition metals. The highest uptakes,
however, have been reported for MOFs, but the stability of these structures during
regeneration remains a big challenge. In contrast, nanostructured carbons and
mesoporous silicas exhibit better regenerability and have adsorption properties
that can be readily tuned but have relatively low capacities and selectivities.

Research efforts are still needed to get a deeper understanding of sulfur adsorp-
tion/desorption to allow better design of adsorbents. Investigation of competitive
adsorption, and the influence of regeneration conditions on the stability and per-
formance of the adsorbents in multicycle experiments are research areas that
deserve particular attention. Likewise, the mechanical properties of the
nanostructures need to be assessed and potentially improved by the use of binders.
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Chapter 6
Nano-MoS, and Graphene Additives in Oil
for Tribological Applications

Yufu Xu, Yubin Peng, Tao You, Lulu Yao, Jian Geng, Karl D. Dearn,
and Xianguo Hu

Abstract Nano-additives have attracted lots of attentions in recent years due to
their special performances. A traditional lubricating additive MoS, with nano-scale
and a novel additive graphene were reviewed in this chapter. The synthesis
methods, properties, and tribological applications of these two kinds of nano-
additives dispersed in media have been reported. Nano-MoS, has three main
nanostructures including nano-ball particles, nano-sheets, and nano-tubes. The
wide accepted lubricating mechanisms for the MoS, nano-balls, nano-sheets, and
nano-tubes are nano-bearing effects, slippery roles, and combined actions of rolling
and sliding, respectively. Exfoliation and transfer seem to be the main pattern for
MoS, nano-balls. For graphene, the adsorption and tribo-reaction account for its
lubricating properties. A synergistic lubricating effect for using graphene and MoS,
together dispersed in oil was found. Graphene was proved to extend the retention of
MoS, on the surfaces and prevent the oxidation of MoS,. Simultaneously, MoS,
prevented the graphene from being ground into small and defective platelets. Both
of them help to form a thicker adsorbed and tribo-film which result in a lower
friction and wear. Other properties and applications of nano-MoS; and graphene are
also reviewed. It shows that these two nano-additives have diverse functions and
great potential for industrial applications.
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1 Introduction

A general demand from Society for a more sustainable and environmentally
friendly development has led to an increasing interest and a growing corpus of
work on energy-saving and emission reduction technologies (Price et al. 2011). The
internal combustion engine is one such technology that has seen huge improve-
ments in fuel efficiency, reduced overall energy consumption and emissions,
and a key aspect of this has been improvements to the lubrication system
(Abdelaziz et al. 2011).

With the development of the nanotechnologies, the use of nano-additives added
to base oils has been shown to reduce friction and wear due to their excellent
lubricating effects. Some common solid particle lubricants such as nano-MoS, and
graphene have made the transition from concept to the application and are showing
great potential in the industry. However, there still exists a gap between the
scientists and industrial engineers, relating to a general willingness to use the
newly formulated additives (Zhmud and Pasalskiy 2013). If emissions and fuel
consumption targets are to be met, then nano-additives, added to lubricant formu-
lations will be a vital component for industry to deploy to meet these objectives.

In this chapter, the progress and particularly the tribological behaviors of some
key nano-additives dispersed in base oil are reviewed, and the trends in future
developments of nano-additives are discussed in order to accelerate their
application.

2 An Introduction to and the Tribological Behavior
of Nano-MoS,

Molybdenum disulfide (MoS,) has a layered two-dimensional structure. Its crystal
structure contains 1T-MoS,, 2H-MoS,, and 3R-MoS,. 1T-MoS, per unit cell, has
an octahedral structure with S atoms and one Mo atom; 2H-MoS, has a hexagonal
structure and two S-Mo-S units per primitive cell, and 3R-MoS, has a hexagonal
structure and three S-Mo-S units per primitive cell. Their respective structures are
shown in Fig. 6.1. Among these MoS, crystals, 1T and 3R-MoS, are metastable and
2H-MoS; is stable under normal conditions. But no matter which crystal, each S
atom is surrounded by 3 Mo atoms, and each Mo atom is surrounded by six S atoms
consisting of S-Mo-S covalent bonds (Dickinson and Pauling 1923), such that the
atom ratio of Mo and S is 1:2.

The layered structure of MoS, has excellent tribological properties which are
attributed to a combination of its low Van der Waals force between the molecule
layers and strong covalent bond in the molecule. When MoS, bears a shear stress,
molecular layers slide easily over one another. This is the reason that MoS, has
been widely used as a solid lubricant and used as an additive of lubricating oils. It
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O Mo oS - @ o o .

* Mo

Fig. 6.1 Hexagonal structure of MoS, (a), a schematic illustration of the 1T- MoS, (b), 2H-MoS,,
and 3R-MoS,, and the repeat unit of the MoS, layers (c¢) (Ye et al. 2015)

has been proved that the size of MoS, particles has a significant effect on their
performances and so in the following section some typical nanostructures of MoS,
are reviewed.

2.1 MoS; Particles: Nano-balls

Compared with MoS, sheets, MoS, nano-ball particles have some particular char-
acteristics, including no dangling bonds that make them more stable. Additionally,
the small size of the MoS, nanoparticles may result in some other enhanced
physical properties.

2.1.1 Preparation of MoS; Nano-balls

Rosentsveig et al. (2009) used a four-step method to produce an inorganic
fullerene-like (IF) MoS,, which constitutes a typical nano-ball particle. The process
includes four consecutive steps: (1) Evaporation of the molybdenum oxide (MoO3)
powder at a temperature of between 700 and 750 °C; (2) the reduction and
condensation of the vapor into MoO;_, nanoparticles at 780 °C; (3) the
sulfurization of the first few layers of the oxide nanoparticles; (4) the complete
sulfurization of the nanoparticles with a slow diffusion-controlled reaction at a
temperature above 840 °C. This method allows the sulfurized degree to be con-
trolled (Fig. 6.2); it is however a complex procedure that consumes a large amount
of energy.

Precipitation is another popular approach used for producing MoS, nano-balls
due to the relatively gentle synthesis conditions. As an example, Huang et al. (2005)
added 28 g Na,S and 5 g (NH4),MoOy, into 250 mL distilled water, allowing the
reaction to occur over an hour. During the reaction, hydrochloric acid was added to
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Fig. 6.2 TEM images of IF-MoS, nanoparticles with no oxide (a) and remaining oxide (M0O,) in
the core (b) (Rosentsveig et al. 2009)

50 nm

Fig. 6.3 TEM images of the IF-MoS; nanoparticles from produced using precipitation methods
(Huang et al. 2005)

the solution in order to control the acidic pH. After this, the as-prepared MoS;
precursor was desulfurized in a gas mixture of hydrogen-argon at 1173 K for 8 h.
The final nano-balls had diameters varying from 70 to 120 nm (Seen from Fig. 6.3).

Hu et al. (2007) prepared molybdenum sulfide particles with Na,MoQO, and
CH;CSNH, by a quick (c. 5 min) homogenous precipitation technique in an
alcohol—water solution at 82 °C. The resultant amorphous MoS, nano-ball particles
were then desulfurized under H, flow at an elevated temperature for 50 min. This
method seems to be another alternative method that can be used to synthesize nano-
ball MoS,.

2.1.2 Characterization of MoS, Nano-balls

Transmission electron microscopy (TEM) can be used to observe MoS,
nanoparticles, operating levels of resolution that are much higher than light
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20/°
Fig. 6.5 XRD (a), TEM (b), and HRTEM (c) of the MoS, nano-ball particles (Hu et al. 2009b)

microscopes, due in part to the small de Broglie wavelength of electrons. It can also
be used to show structure, morphology, and to check the aggregation of nanoparticles.

Scanning electron microscopy (SEM) is another effective tool to observe the
form of nanoparticles. As an example, Fig. 6.4 (Huang et al. 2005) shows a MoS3
precursor produced by Huang, with a clear spherical shape, with a diameter of
~150 nm. However, the aggregation of the nanoparticles is severe as no dispersing
media can be used with this method.

X-ray powder diffraction (XRD) can be used to assess the crystal structure of
MoS; nanoparticles. The work of the Institute of Tribology at Hefei University of
Technology has proved that the MoS, nanoparticles have the similar XRD spectra
in Fig. 6.5 with the standard curve of MoS, in PDF number 37-1492. Its holly
structures are also shown in TEM in Fig. 6.5.

The crystallinity and shape of MoS, nano-balls are the main characteristics that
affect frictional properties. These two properties are governed by the parameters
and conditions selected during synthesis. Crystallinity governs the order degree of a
MoS, layer which is composed of closed shells nano-balls. Perfectly crystalline
MoS, nano-balls have a well-crystalline order with few defects present in closed
shells, whereas poor crystallinity shows some extent of disorder with many point
defects (Fig. 6.6). Moreover, perfectly crystalline MoS, nano-balls will have good
physical properties. The shape of a MoS, nano-ball is not a perfect sphere most of
the time. There are corners of the structure which are likely to induce stress



156 Y. Xu et al.

Fig. 6.6 HRTEM images of perfect (a, a;) and incomplete crystalline MoS, nano-balls (b, by)
(Lahouij et al. 2014)

concentrations. With this in mind, therefore the more perfectly crystalline and
spherically shaped that the MoS, nano-ball is the higher the ability resist deforma-
tion (Lahouij et al. 2014).

2.1.3 Dispersion of MoS, Nano-balls in Base Oil

MoS, nanoparticles have lots of functions including lubrication, catalysis (Li et al.
2011b), functional materials, and so on (Radisavljevic et al. 2011). Among them,
one of the most important functions for MoS, seems to be lubrication. Usually, it is
used as an additive in base oil or grease. Thus, the choice of the base oil is very
important for improving the lubricating properties of MoS, nanoparticles. For
example, an industrial oil composed of many fractions of hydrocarbons has been
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used for dispersing MoS, nanoparticles (Aralihalli and Biswas 2013). However, the
industrial oil has contained many other additives with a variety of roles. To reduce
the effects of the other additives, paraffin oil is often chosen as a base oil for use
with MoS, nanoparticles (Huang et al. 2005) because of the similar components
with traditional mechanical oils. Poly alpha olefin (PAO) has attracted lots of
attention, with excellent thermal stability and anti-oxidation properties, as a base
oil with MoS, nanoparticles in recent years (Rosentsveig et al. 2009). Moreover, Xu
et al. have tried some renewable bioenergies, such as bio-oil, as the base oil for
MoS; micro-sheets, which have also shown good lubricating effects.

It has been reported that the addition of the nanoparticles on their own in base oil
has little effect on the tribological properties of a tribo-systems. But it takes effect
after using a dispersing agent (Aralihalli and Biswas 2013; Desai and Banat 1997;
Moshkovith et al. 2006). This suggests that the selection of the dispersive agent and
method of mixing are very important. Zhou et al. (2008) used an extractant Cyanex
301 (di-(2,4,4-trimethylpentyl) dithiophosphinic acid) to modify the surface of
MoS, nano-hollow spheres in liquid paraffin. Results showed that the modified
MoS, had better extreme pressure, antiwear, and antifriction properties than com-
mercial MoS,. Sorbitol monooleate was selected by Huang et al. (2005) as the
dispersing agent for IF-MoS, in paraffin oil. The mixture was stirred with a high-
speed dispersion machine before ultrasonic treatment.

Dispersant agents can be grafted or adsorbed on nanoparticles with
ultrasonication or stirring. The chemical affinity between dispersants and
nanoparticles is the main factor that affects the dispersion. When chemical affinity
is low, the particles can be easily separated from the base oil and the nanoparticles
will agglomerate again under the effect of friction (Aralihalli and Biswas 2013).

It is important not to increase the concentration of dispersants to levels that are
too high in the lubricant. Under such conditions, though the nanoparticles will be
well dispersed, a large amount of dispersant agent will reduce the life of the
lubricant and increase friction. As shown in Fig. 6.7, the tribological benefits of
MoS, were eliminated when 5% dispersant was used. However, when the disper-
sant concentration was adjusted to 0.05%, the friction coefficient decreased. The
reason for this is that with high concentrations of dispersants, MoS, nanoparticles
cannot be adsorbed on the rubbing surface and reduce the friction coefficient
(Rabaso et al. 2014a).

2.1.4 Comparison with Micro-MoS,

MoS, nanoparticles have better lubricating properties than MoS, micro-particles
(Hu et al. 2010). According to the Risdon’s investigation (Risdon and Gresty 1975),
the energy consumed on transportation in the USA during the period 1963-1974
can be reduced by 4.4% with a proper dispersion of 1% weight commercial
molybdenum disulfide in the engine oil. Thus, it can be inferred that more fuel
can be saved by the introduction of nano-MoS,. Hu’s results (Hu et al. 2010)
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Fig. 6.8 Effects of the concentration of MoS, on the average friction coefficient (Hu et al. 2010)

showed that the addition of MoS, nano-balls in liquid paraffin at a concentration of
1.5 wt% resulted in a better antifriction and antiwear properties than micro-MoS,.
Figure 6.8 shows a friction coefficient reduction of 21% and 10%, respectively,
when compared to those of 1.5% micro-MoS, and 1.0% nano-slices.

2.1.5 Effect of ZDDP on Tribological Properties

ZDDP (Zinc Dialkyl Dithiophosphates) is an important oxidation and corrosion
inhibitor often found in fully formulated lubricating oil which extends the oxidation
resistance of lubricating oil. It also has excellent antiwear properties but has no
effect on friction. Lamellar MoS, nanoparticles derived from nano-sheets or the
exfoliation of nano-balls are easily oxidized to MoO3; which degrade the friction-
reducing properties of MoS,. When ZDDP and MoS, nanoparticles exist together,
both friction coefficient and wear are reduced significantly. It is believed that there
is a synergistic effect between ZDDP and MoS,: the MoS, is believed to be
embedded into ZDDP chemical reaction film and therefore reinforces its antiwear
effect, at the same time, the ZDDP film provides protection for the MoS, from
being oxidized resulting in the improvement of the antifriction behaviors (Tomala
et al. 2015; Aldana et al. 2014).
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Fig. 6.9 Friction coefficient of perfect (SC) and poorly crystalline (SpC) on HFRR (Rabaso et al.
2014b)

2.1.6 Effect of Crystallinity on Tribological Properties

The tribological properties of MoS, nano-balls to some extent are dependent on its
structural characteristics and particularly its crystallinity. MoS, nano-balls that are
perfectly crystalline have a better ability to resist deformation, whereas MoS, with
incomplete crystallinity are easily deformed and exfoliated under the similar sliding
conditions (Lahouij et al. 2014). Rabaso et al. (2014b) compared the frictional
properties of MoS, with poorly crystalline structures with similar average diame-
ters (150 nm). They found that perfect MoS, nano-balls played a significant role in
friction-reduction during running in, however, the friction coefficient increased
after this due to the lack of perfect MoS, nano-balls. On the contrary, poorly
crystalline MoS, maintained a stable low friction coefficient as shown in Fig. 6.9.
The difference is because poorly crystalline can be easily exfoliated and transferred
onto the rubbing surfaces forming an adsorbed layer. Perfect crystalline
nanoparticles were much harder to exfoliate before being squeezed out from the
rubbing interfaces, thanks to the better physical properties. In addition to the
frictional process, the MoS, adsorbed film formed during the early stages of
rubbing was gradually worn off. Due to the two reasons above, there were few
MoS; particles remaining between the frictional interfaces resulting in the increase
of the friction coefficient.
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2.1.7 Effect of Different of Pressure on Exfoliation Behavior

MoS, nano-balls can be ruptured under a high normal stress on the frictional
interfaces. However, this will not happen in oil though oil pressure might be
much higher than critical ruptured normal stress. That is because oil pressure is
isotropic and the shape of the nano-ball is quasi-spherical which makes bearing
force of MoS, uniform (Fig. 6.10) (Joly-Pottuz et al. 2006).

2.1.8 Tribological Mechanisms

MoS, nano-balls have excellent lubricating properties as lubricating oil additives.
There are three main frictional mechanisms that can explain this property: rolling,
sliding, and exfoliation-transfer (third body) as shown in Fig. 6.11 (Tevet et al.
2011).

1. Rolling: MoS, nano-balls roll as a ball bearing across frictional interfaces under
relatively low normal stress. The roller is dependent on the shape of nano-balls
which should be quasi-spherical structures.

2. Sliding: Similar to nano-sheets, friction happens between external surfaces of
the nano-balls under higher normal stress. The behavior of sliding is due to the
shape of nano-MoS, particles, which is not perfectly spherical but of a faceted
polyhedron structure. The corner of the faceted polyhedron structure can be
easily distorted by asperities on the rough mating surfaces.

3. Exfoliation and transfer (third body): Exfoliation is the main action of behavior
under high normal stress resulting in deformation and even rupture of the nano-
balls. Under the combined effects of the normal stress and shear stress, the
external surface of the nano-ball particles can be exfoliated producing MoS,
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Fig. 6.11 Schematic of the three main tribological mechanisms of MoS, nano-balls: rolling (a),
sliding (b), and exfoliation and transfer (third body) (c) (Tevet et al. 2011)

nano-sheets which can be adsorbed on the rubbing surfaces providing a protec-
tive layer and reduced the friction coefficient.

Among these three behaviors, rolling is generally accepted as the most prevalent
mechanisms of friction reduction, because they cannot be detected directly only by
micro-frictional tests on the single MoS, nano-balls.

Particle size and crystalline perfection of the MoS, nano-balls are the most
important factors that affect tribological behavior (Rosentsveig et al. 2009). Gen-
erally, due to a nano-bearing effect, the small MoS, nanoparticles have better
antiwear and friction reducing properties than larger nanoparticles. However,
with the decrease of particle size, the aggregation effects of the MoS, can increase
and chemical stability reduces, which might result in reduced lubricity. Hence, the
particle size is very important in the efficacy of the additives. It is believed that
exfoliation, rolling friction, and third body transfer of MoS, sheets into surface
asperities are the prevalent mechanisms that can explain the excellent tribological
properties of MoS, nanoparticles (Rosentsveig et al. 2009).

There are no active dangling bonds in the closed-structure MoS,; consequently,
the oxidation temperature of MoS, nano-ball particles is ~100 "C higher than that of
2H-MoS,. Moreover, under some testing conditions, the MoS, nano-ball particles
had better lubricating properties than MoS, nano-sheets. This was ascribed to the
chemical stability of the layer-closed spherical structure of nano-balls. The detailed
mechanisms for this are shown in Fig. 6.12. In air or when used in liquid paraffin
nano-sheets, due to the rim-edge site of the nano-sheets, they are easier to oxidized
into MoOs;, there was a poor lubrication. MoS, nano-ball particles are relatively
stable and can bear the shearing via rolling and elastic deformation.
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Fig. 6.12 TEM images and schematics of the lubrication mechanisms of MoS, nano-slices (a)
and MoS,; nano-balls (b) (Hu et al. 2010)

2.2 MoS; Nano-sheets

In recent years, the study of graphene-like two-dimensional layered materials has
attracted great interest due to the successful exploration of graphene (Zhang et al.
2016b; Huang et al. 2012; Xu et al. 2013). Among them, MoS, nano-sheets are the
popular research molecular as a result of their distinct structure and superior
properties. Functionalization, hybridization, and modification of MoS,-based
nano-sheets have seen them used widely in various applications. Here, the prepa-
ration, characterization, and properties of nano-sheets are reviewed.

2.2.1 Preparation of MoS, Nano-sheets

It has been demonstrated that most of the methods for preparing 2-D nano-material
such as graphene are effective for MoS, nano-sheets. The classic and straightfor-
ward way to prepare the nano-sheets is micro-mechanical cleavage (Radisavljevic
etal. 2011). Using this top-down approach, a high-quality 2-D nano-material can be
obtained (Lopez-Sanchez et al. 2013). However, the shortcomings of this method
are also obvious. The productive efficiency is low and it is difficult to synthesize the
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