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ABSTRACT

For many decades, crude oil refinery companies and catalysis research establishments
worldwide are being challenged to develop new hydrotreating processes aimed at producing
cleaner fuel. Use of an active and stable catalyst in hydrotreating is one way of improving catalytic
activity of hydrotreating reactions such as hydrodesulfurization (HDS) and hydrodenitrogenation
(HDN). Hence, this research primary goal is to develop a NiMo catalyst supported on carbon
nanohorns (CNH) and associated carbon materials for hydrotreating. CNH is the support of choice
used in this research due to its inert nature and excellent textural properties (mesoporosity, high
surface area and desirable pore volume) which are known to enhance hydrotreating activities. The
research plan is divided into five phases, and the research goals, experimental methods and
outcomes pertaining to each of the phases are summarized in this thesis.

For phase one, the goal was to maximize the production of CNH in the lab for hydrotreating
application by investigating the effects of, current settings, processing time and equipment design
on CNH production. A current setting of 90 A and 30 minutes processing time were determined
to be the best conditions for laboratory scale maximization of CNH production. In phase two, the
primary aim was to incorporate functionality in an otherwise inert CNH material using, 30 wt%
HNOs under reflux for 15 minutes to 4 hours at 110°C. Production of CNH concurrently generates
other carbon particles (OCP) as by-products that can be differentiated into fine (OCPs) and chunk
(OCP¢) forms. Due to the superior quality of the CNH material in phase three, the goal was to test
the influence of four different supports (i.e. gamma-alumina (y-Al203), CNH, OCPs, and carbon
nanotubes (CNT)) on hydrotreating performance, and to determine how the physico-chemical
properties of each support has on the hydrotreating performance. In comparison to the remaining
carbon-supported catalysts, NiMo/CNH catalyst exhibited higher HDS (89%) and HDN (42%)
activities for light gas oil containing 3 wt% sulfur and 0.18 wt% nitrogen and this is ascribed to,
the high textural properties of the NiMo/CNH catalyst as well as its ability to induce, high metal
dispersion plus reduction of metal oxides at a lower temperature in comparison to the remaining
carbon-supported catalysts. The yield of OCP material from the laboratory synthesis of CNH was
more than 45% of the CNH yield. Moreover, from phase three, OCPs support was also found to be
a viable support in hydrotreating hence, the main focus of phase four work was to improve the
hydrotreating performance of NiMo/OCPs catalyst by varying Ni and Mo compositions on the

functionalized OCPs support. To this effect, a series of hydrotreating experimental runs with



varying Ni (2.5, 3.5, 5.0 wt%) and Mo (13, 19, 26 wt%) compositions with light gas oil indicated
that 5.0wt%Ni19wt%Mo/OCPs catalysts exhibited the highest HDS and HDN activity.

The last phase (phase 5) of the research plan focused on the development of the best
NiMo/CNH catalyst for hydrotreating by varying Ni loadings (2.5 wt%, - 5 wt%) at constant Mo
loading of 19 wt%. Hydrotreating results from these catalysts showed that, the
3.5Wt%Ni19wt%Mo/CNH catalyst exhibited the highest HDS and HDN activity. This catalyst was
further modified by adding 2 wt% P to the 3.5 wt% Ni and 19 wt% Mo concentrations via a co-
impregnation method to study the effects of phosphorus as a secondary promoter on HDS and
HDN activity. Optimization of the operating parameters, kinetic and stabilization studies were
further carried out using the 3.5wt%Ni19wt%Mo/CNH catalyst. The results from this phase are
also presented in this thesis. The overall results from all phases demonstrated that CNH is not only
a material that have superior physicochemical properties as compared to CNT and OCP material

but, also a potential catalyst support with great benefit in hydrotreating.
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CHAPTER 1
Introduction and Thesis Outline
Contribution of this chapter to overall study
This chapter gives information about what hydroprocessing is about, the problem at stake
that requires the need for hydrotreating, the plan that would be followed to improve the
hydrotreating performance based on identified knowledge gaps and associated hypothesis. In
addition, the objectives of this research and the organization of this entire thesis is provided.

1.1 Introduction

Hydrotreating is a catalytic driven hydrogenation process which is widely used in oil and
gas applications to convert hydrocarbon gas oils and liquids from petroleum residues into products
with less sulfur (S), nitrogen (N), metals and asphaltenes contents. Hydrotreating is therefore
aimed at ensuring that the upgraded product has a safe impact on public health and the
environment. As an example, in Canada a mandate was passed in 2006 to limit the amount of
sulfur in diesel fuels to 15 ppm. The extent of hydrotreating is influenced by the reactor design,
catalyst, process parameters, source and quality of feedstock, nitrogen and aromatic compounds in
the feedstock, reactivities of sulfur compounds, as well as inhibition effects from hydrogen (H2S)
(Farag, 2007; Zeuthen et al. 2001; Song et al. 2006). Among the factors that affect hydrotreating
performance, the use of an active and stable catalyst is the preferred option since, product quality
could be improved in a cost-effective manner. Some approaches that could be used to develop an
active catalyst include; changing the active molybdenum (Mo) or tungsten (W) component, using
different supports such as titania (TiO2) or carbon (C) and varying the method of preparation
(Okamoto et al. 2003). Adding secondary promoters like boron and phosphorus to the catalyst also
plays a significant impact on the catalyst performance by aiding active metals dispersion and
modifying the existing interaction between the support and Mo oxides (Maity et al. 2011; Prins
2001).



In this research work, the approach to achieving an enhanced hydrotreating catalyst was to
develop an active catalyst based on carbon and specifically carbon nanohorns (CNH), other carbon
particles (OCP), fine fraction of other carbon particle (OCPs). Gamma alumina (y-Al2O3) is the
traditional support of interest used in industries because of its large surface area, strong mechanical
strength, high temperature resistance plus appropriate pore structure. However, the major problem
with y-Al>Oz is that, a strong metal-support-interaction occurs between the metallic precursor and
support at the onset of catalyst preparation and, this causes a decrease in hydrotreating activity due
to the inability of the supported metal oxide to undergo complete sulfidation during hydrotreating.
In view of this, use of carbon was considered as an alternative for y-AlO3 support since, carbon
exhibits excellent properties including; large surface area, controlled pore volume and size,
variable surface functional group. Additionally, the inert nature of carbon could result in a
minimization of metal-support-interaction and consequent improvement in hydrodenitrogenation
(HDN) and hydrodesulfurization (HDS) activities (Lee et al. 2003, Abotsi and Scaroni, 1989).
CNH material is the carbon support of interest being used in this research. CNH can be described
as horn-like shaped graphene sheets that are radially aggregated into a spherical structure with
diameter ranging from 50-100 nm. The length and average diameter of an individual horn is 30 -
50 nm and 2 - 5 nm, respectively. Each horn has an apex angle of 20° as a result of the conical

shape of its tip (lijima et al. 1999).

1.2 Knowledge Gaps

Following, a comprehensive literature review on both hydrotreating and hydrotreating
catalyst articles the following knowledge gaps were identified:
i. There is limited information on the maximization of CNH production on a laboratory scale.
ii. There is no known studies on improving the functionalities of CNH with nitric acid for
hydrotreating.
iii. No known information exists on the evaluation of CNH and/or OCP (i.e. chunk fraction of
other carbon particles ((OCP:) and OCPs) properties and their use as catalyst support for
hydrotreating. Until now, activated carbon, carbon nanotubes and carbon black are some of the
carbon supports that have been used for hydrotreating purposes.
iv. Investigation on the effects of varying metal compositions on OCPs by-product as catalyst

support for hydrotreating has not been researched.



v. Limited information exit on the effects of varying metal compositions as well as the use of
secondary promoters such as phosphorous on CNH-supported catalyst in hydrotreating.
Examination of the optimum hyrodrotreating process condition and hydrotreating kinetic studies
of NiMo/CNH catalyst have not been studied in open literature.

1.3 Hypothesis

The following hypotheses were made based on the above knowledge gaps, and each of the
enlisted hypothesis and knowledge gaps are linked consecutively. The hypothesis are as follows:
1. Variation of current, voltage, electrode dimension, processing time can maximize CNH
production.
2. Carbon materials (e.g. CNH) with nanowindows created on them via oxidative treatment have
enhanced surface area, porosity and surface chemistry than carbon materials with no acid
treatment. In addition, carbon material with enhanced surface chemistry will provide more binding
sites for anchorage of metals, increase the number of active sites and consequently increase the
hydrotreating performance of the carbon-supported catalyst.
3. Carbon-supported catalyst (CNH, OCP, OCPys, carbon nanotubes (CNT)) will have desirable
physio-chemical properties that will improve hydrotreating performance. Also, the use of carbon
-supported catalysts with lower metal-support interaction compared to the traditional NiMo/y-
Al>O3 catalyst will increase HDS and HDN activities.
4. OCPs-supported NiMo catalyst with different or increasing metal loading compositions will
improve hydrotreating (HDS and HDN) activities. This will help to determine if NiMo/OCPs
catalyst can be a potential hydrotreating catalyst.
5. CNH-supported catalyst developed with different Ni and Mo combinations will increase or
decrease hydrotreating activities. Also, in hydrotreating, the use of a CNH-supported catalyst that
contains a secondary additive such as phosphorus will further enhance HDS and HDN activities.
Another hypothesis is that various combination of hydrotreating operating variables (pressure,
temperature and LHSV) will cause an increase or decrease in HDS and HDN activities and a
specific combination of these operating variables will lead to optimal HDS and HDN activities.
Also, the best CNH-supported catalyst used for hydrotreating will have negligible mass transfer

limitations and subsequently generate reliable kinetic data.



1.4 Research Objective and Sub-objectives
1.4.1 Research Objective

The overall research goal is to develop a NiMo catalyst supported on CNH and associated
carbon materials for hydrotreating of light gas oil (LGO), and this objective is broken down into

sub-objectives listed below.

1.4.2 Sub-objectives

1. To build a setup that can produce CNH in the laboratory, and to maximize the production of
CNH by identifying and using the best process conditions.

2. To improve the functionality of CNH by creation of oxygen functionalities (e.g. hydroxyl and
carboxyl groups) on both inner and outer walls of CNH support material, and to determine the
morphology and characteristics of pristine and functionalized CNH.

3. To find out if other carbon materials (i.e., by products of CNH production) could be used as a
hydrotreating catalyst. In this regard Ni-Mo catalyst supported on CNH, OCP, OCPs, and CNT
will be formulated and fully characterized. Then, experiments will be conducted to compare the
performance of carbon-supported (CNH, OCP, OCPs, CNT) catalyst vs y-Al.O3-supported catalyst
in hydrotreating.

4. To develop the best NiMo/OCPs catalyst for hydrotreating of gas oils by conducting catalyst
screening on OCPs with varying Ni and Mo compositions.

5. To develop the best NiMo/CNH catalyst for hydrotreating of gas oils by using a combination of
Ni and Mo compositions and incorporating a secondary additive such as phosphorus (P). Also, to
investigate how variation in hydrotreating operating conditions affects the activity of NiMo/CNH
catalyst and finally to determine the kinetics and deactivation studies on the best NiMo/CNH

catalyst.



1.5 Research Phases

The research was broken down into five phases to help with better co-ordination of the
action items in a clear and specific way. The phases are as follows:
Phase 1: Maximization of CNH production using the submerged arc in liquid nitrogen method

This required building a setup in the laboratory and improving on the yield of the
synthesized CNH products as specified in patented literature by varying process conditions (e.g.
time and current). Calculation of the yield of CNH produced and sample characterizations were
done. The goal was to generate a substantial amount of CNH support material to cover the entire
research work.
Phase 2: Functionalization of as-synthesized CNH using nitric acid

Nitric acid was used to functionalize the CNH generated from the arc discharge method.
Functionalization was considered as a result of the inertness (lack of acid or basic properties) of
CNH carbon material, and the importance of making the CNH material reactive for catalysts
formulation and hydrotreating experiments. Effect of time on functionalization was tested and
various techniques were used to characterize both pristine and functionalized samples. A
hydrotreating experimental run was conducted and liquid products were analyzed.
Phase 3: Compare the effects of using different carbon-supported catalysts and gamma alumina
catalyst on hydrotreating performance

Four carbon-supported catalysts were prepared, characterized and used for hydrotreating.
A gamma-alumina catalyst was also prepared alongside and used for hydrotreating. The intent was
to compare the activity of carbon-supported catalysts with the traditional Ni-Mo supported
catalyst. All support materials were impregnated with the constant Ni and Mo compositions.
Hydrotreated liquid samples were characterized.
Phase 4: Development of the best NiMo/OCPs catalyst: effect of metal compositions on the catalyst

As synthesized OCPs by-products from CNH synthesis were functionalized and used in
making seven catalysts for hydrotreating. These OCPs supported catalysts differed by the amount
of Ni and Mo compositions used in impregnating the OCPs support. These catalysts were further
screened by running a series of hydrotreating test to ascertain the best catalyst. Both solid and

liquid samples were characterized.



Phase 5: Development of the best NiMo/CNH catalyst

A combination of Ni and Mo compositions were used in formulating three CNH-supported
catalysts and these catalysts were used in hydrotreating an untreated light gas oil. The catalyst that
gave the best hydrotreating activities was further impregnated with a secondary promoter
(phosphorus) to test the effects of this secondary promoter on hydrotreating performance. An
experiment was designed to evaluate how pressure, temperature and liquid hourly space velocity
(LHSV) affects the hydrotreating performance with the best catalyst. The liquid and solid samples
were characterized. Mass transfer, kinetic and deactivation studies were also done using the best

catalyst.

1.6 Organization of this thesis

This thesis document is made up of nine chapters, followed by a list of references and an
appendix section. The thesis style is a “Manuscript-based Thesis Format” prescribed by the
University of Saskatchewan. Chapters 1 to 3 begin with a sub-section which provides information
about the contribution of the chapter towards the overall study. Chapter 1 is the introduction and
includes thesis outline, knowledge-gaps, hypothesis and objectives concerning this research.
Chapter 2 (literature review) summarizes information about hydrotreating, what constitute a
catalyst and catalyst preparation methods (e.g. incipient wetness impregnation, co-impregnation)
carbon, carbon production and functionalization options, hydrotreating operating conditions, some
research studies and outcomes. The information provided in Chapter 2 therefore helps in defining
the objectives and providing a better understanding about hydrotreating catalyst and processes. In
Chapter 3 the techniques employed to characterize the supports (pristine and functionalized),
catalysts, treated and untreated gas oil samples from the five phases of the research are presented.
Additionally, the principles behind each characterization technique, some key information and
sample analysis procedures are described in this chapter.

Chapters 4 to 8 are independently linked to each of the five phases of this research and
since this is a paper-based thesis format, advanced notification is provided at the beginning of
these chapters as to whether the content of the chapter has already been published and/or
communicated in the form of oral or poster presentation to the scientific community. For the
published chapters (Chapter 4 and 5) the full citation information is also shared. A completed

manuscript on Chapter 6 has been sent to a scientific journal for review and publication.



Although Chapter 7 and 8 have not been published, the content of these chapters has been
presented in a manuscript-style format with the intent of sending it to a suitable journal. Chapters
4-8 also contain two subsections which highlights the contribution of the Ph.D. candidate and other
individuals to each respective phase, as well as the contribution of the chapter to the overall Ph.D.
work. Thereafter, the remaining content of the chapters are apportioned in this order; abstract,
introduction, experimental methods, characterization, results and discussion, conclusions and
acknowledgement. Due to the likelihood of having certain similar characterizations running
through each of the phases, the characterization part under Chapters 4-8 only mentions the
technique but, refers to Chapter 3 where detailed or further information could be found to eliminate
any repetition of technigues or wordings that could result in plagiarism.

Availability of enough CNH material for all experimental work relating to the entire
research project was a necessity hence, the results of the study conducted to maximize CNH
production by varying factors such as time, current settings and baffle type are discussed in Chapter
4. Chapter 5 focuses on the possibility of adding some functionality to the inert CNH material
using nitric acid (HNOz3) treatment to alter its surface chemistry and enhance its properties for
catalyst formulation and subsequent hydrotreating application. The catalyst support is a key
component of the catalyst since amongst others, it controls; the way the active metals are dispersed
on the support, the reducibility of the catalyst, the metal-support-interaction and their consequent
effect on hydrotreating performance. Hence, chapter 6 presents a summary on how the different
supported-catalysts impact HDN and HDS activities. The findings reported in Chapter 7, are based
on investigations that were carried out to determine if the OCPs by-product from CNH synthesis
could be enhanced further by varying the compositions of Mo and Ni species on the support
material. In Chapter 8, the variation of Ni compositions (2.5, 3.5, and 5.0 wt%) at a fixed Mo
composition (19 wt%) were examined on the CNH support based on the screening work done with
the OCPs material. This chapter also contains information about the effects of a secondary
promoter on hydrotreating activity and the design of experiment work that was done to optimize
the hydrotreating operating conditions. Evaluation of mass transfer and estimation of kinetic
parameters based on the power law model can be found in Chapter 8. Chapter 9 emphasizes on
this research project overall findings and recommendations that could be beneficial in improving
the entire work. Enlisted references plus supporting information relating to this research can be

found under the Reference and Appendix part of the thesis.



1.7 Gas oil feedstocks
All hydrotreating experiments under phases 2-5 were carried out using light gas oil. A

feasibility study with heavy gas oil (HGO) was also conducted using the best catalyst
(3.5wWt%Ni19wt%Mo/CNH), and the results are shown in Appendix H. Information about the feed

characteristics of the gas oils used in this research are shown in Table 1.1.

Table 1.1 Feed characteristics of light and heavy gas oils.

Parameter Light gas oil (LGO) | Heavy gas oil (HGO)
Sulfur content (ppm) 30000 43000
Nitrogen content (ppm) | 1800 3900
Density (g/ml) 0.90 0.98
Aromatic content (%) | 33.6 45.5
Simulated distillation
IBP (°C) 159 208
FBP (°C) 502 625

1.8 The hydrotreating reactor

A schematic of the hydrotreater used in carrying out all hydrotreating experiments is shown
in Figure 1.1. The setup consisted of a: 304 stainless steel tubular microreactor, twin-furnace
system, temperature controller, mass flow meter and controller (Brooks Instrument) feed tank,
high pressure metering pump (Eldex laboratories), high pressure gas-liquid separator, water
scrubber, ¥ filled NaOH bottle, back pressure regulator and pressure relieve valve.

The micro-reactor was a trickle-bed reactor and therefore a three-phase chemical reactor in
which the liquid and gas phase flow concurrently downward over a packed bed of catalyst. The
processing method was continuous. The length and internal diameter of the microreactor were 240
mm and 14 mm, respectively. The microreactor was loaded with the catalyst bed prior to any
experimental run. A schematic of the catalyst bed is shown in Figure 1.2. The temperature for the
reaction was provided by a twin-furnace system shielding/encasing the reactor. A K-type stainless
steel thermocouple fixed at the side of the furnace was used in taking temperature readings of the
furnace. The average temperature of the catalyst bed inside the reactor was noted as the operating
temperature, and the temperature controller was used in monitoring and maintaining the operating

temperature.
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The high-pressure metering pump was used in pumping the gas oil feed into the reactor,
and the pump was closely monitored to ensure that it was in good working condition. Hydrogen
flow rate for the reaction was regulated using the mass flow controller. Gas oil was fed into the
reactor from a 1 litre feed tank through a metering pump with the aid of helium carrier gas running
at low pressure (0.3 MPa). The feed tank was topped up twice within the cause of an experimental
run to ensure that there was constant flow of feed into the reactor. A weighing scale was also
placed underneath the feed tank to aid with the measurements of the liquid volumetric flowrates
as well as LHSV calculations. The scrubber was filled with approximately 50 ml of distilled water
before pressurizing the system in order to, absorb ammonium salts resulting from denitrogenation
reactions taking place in the reactor. This helps in preventing downstream lines from being
blocked. High pressure gas-liquid separator enabled the separation of liquid products from gases.
The back-pressure regulator was used to control and maintain the reactor operating pressure at the
set point condition by, venting excess gases through NaOH contained in a bottle and filled to %
level. This procedure also absorbs H>S in the exit gas stream before venting any excess hydrogen
into the atmosphere. A pressure relief valve served as a safety measure to ensure that the pressure
within the system was controlled without exceeding the set condition.

Loading of the reactor preceded any hydrotreating experiment once the reactor had been
cleaned with Voltesso TM 35 oil (Marsollier Petroleum, Canada) or Hexane (Fisher Scientific,
Canada) depending on the severity of the cleaning process. This procedure removes residual gas
oil and dirt that could possibly lead to coke formation during, the catalyst pretreatment stage and
running of the various hydrotreating experiments. For each hydrotreating experiment, the length
of the catalyst bed loaded into/within the reactor was kept constant at about 10 cm to ensure that
the bed was within the heating zone of the reactor and was supplied with/subjected with consistent
heat from the reactor furnace system. The bottom part of the microreactor was closed with a 60-
micron filter so that the catalyst bed stayed intact throughout the run. Following this, Loctite nickel
anti-seize gel was applied around the bottom threads before, finally securing the filter by placing
and tightening a 316-stainless steel VCR face seal fitting with reducing adapter body on top of the
60-micron filter. The closed reactor was mounted vertically on a clamped to facilitate loading and
during loading, the reactor was slightly vibrated periodically to allow compact packing. Once
loading was over, Loctite nickel anti-seize gel was applied to the top threads on the reactor before

fitting a 60 micron Swagelok stainless steel ferule and finally closing and tightening the top end
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of the reactor with a 316-stainless steel VCR face seal fitting with reducing adapter body. The
entire assembly was then placed and secured inside the reactor furnace. At this point, all joints
connecting the lines within the reactor are tightened to make way for a leak test before the
hydrotreating reaction begins.

Apart from the 60-micron filter, which ensured the powder catalyst was not washed off,
the catalyst loading pattern in Figure 1.2 also helped to retain the powder catalyst sample in the
reactor during the experiment. The loading pattern was done in such a way that the 10 cm catalyst
bed consisted of ~5 ml (~ 2 g) of powdered catalyst mixed with equal ratios of ~ 12 ml of 90 mesh
silicon carbide in 10-12 layers, and sandwiched between a set of different mesh sizes (16, 46, 60)
of silicon carbide (SiC) (Ritchey Supply Ltd., Canada) and 3 mm glass bed. For the set of different
mesh sizes and glass beads loaded at the top and bottom of the catalyst bed, the order in which
they were loaded resulted in particle sizes consistently decreasing from the bottom of the reactor
to the base of the catalyst bed, whereas a reverse order of loading was applied from the top of the
catalyst bed to the top of the reactor.

The loading configuration and the use of inert silicon carbide particles helped in satisfying
hydrodynamic conditions of the system by preventing channeling of fluids, eliminating wall effect,
increasing liquid hold-up and improving catalyst wetting during the hydrotreating process.
Negligible wall effect enhances the catalyst performance. An enhanced wetting effect resulted in
better usage of catalyst. Liquid hold-up and higher catalyst wetting affected the performance of
trickle bed reactor by preventing external effects that could affect the rates of reaction even at low
liquid and gas flow rates. Axial dispersion or backmixing of liquid in microreactors was reduced
when the catalyst bed was diluted with SiC and this leads to an achievement of plug flow
behaviour. The presence of SiC in the reactor resulted in preheating and distribution of the feed
before encountering the catalyst bed. The use of diluents also helps in maintaining a stable
temperature across the catalyst bed which consequently improves the rate of heat transfer in the
catalyst bed. A near trickle flow in the catalyst bed can be assumed based on this loading
configuration as well. The variation in SiC particle size can therefore improve liquid hold-up and
ensure that the reactants attained the set temperature before encountering the catalyst (Ramirez et
al. 2004; Bej et al. 2001; Bej et al. 2000; Giermen, 1988; Mears, 1971).

For the leak test, the reactor was pressurized to about 9.3 - 9.7 MPa and then a short

preliminary leak check was conducted by monitoring if a drop in pressure will occur within 10
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min. Swagelok liquid detector in the form of Snoop solution (VWR, Canada) was used in
identifying fittings with leak. Small leaks were identified and resolved after isolating the reactor
system in sections and monitoring which pressure gauges registered a drop in pressure within 10
to 30 mins. After the possibility of any leak had been cleared, the reactor was pressurized again
and left to stand for 24 hrs. At the end of this duration, once there was no leakage the backpressure

regulator was adjusted to slowly reduce the system pressure to a desired operating pressure for the

hydrotreating reaction.
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Figure 1.2 Schematic of the tubular microreactor showing the various loadings.
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CHAPTER 2
Literature Review
Contribution of this chapter to the overall Ph.D. work
This chapter describes the hydrotreating process, hydrotreating catalyst, carbon allotropes,
carbon nanohorns, carbon nanohorns production methods and functionalization of carbon
materials, and enables readers to understand why certain directives were taken to accomplish the

phases under this thesis based on what is known and what is being investigated.

2.1 Hydroprocessing

Crude oil hydroprocessing falls under two different categories i.e. hydrotreating and
hydrocracking. Hydrotreating comprises of four main reactions namely, hydrodesulfurization
(HDS), hydrodenitrogenation (HDN), hydrodemetallization (HDM) as well as
hydrodeoxygenation (HDO). During hydrotreating, these reactions occur simultaneously after the
feed has reacted with hydrogen under catalytic conditions. Normally, HDS specifically removes
sulfur contaminants in the feedstock. In the case of HDN, HDM and HDO, nitrogen, metals and
oxygen contaminants are specifically removed from the feedstock, respectively. The hydrotreating
process also results in aromatics and olefins saturation present in the crude feed stock.
Hydrogenation of aromatics or hydrodearomatization is also denoted as HDA. On the other hand,
hydrocracking is a process whereby a catalyst is used to break down complex hydrocarbons into
simpler ones at elevated hydrogen partial pressure (Jones 1995; Satterfield, 1991). Overall, the
demand for crude oil from heavier fractions have been on the ascendency as a result of a general
decline in light oil reserves and an increase in heavier oil reserves. A worldwide degradation in
the quality of available petroleum feedstocks coupled with, stringent environmental regulations
that are being enforced in many countries have also led to considerable efforts to develop a better
catalyst for hydrotreating activities. Hydrotreating reactions are normally run at temperatures from
290 - 390 °C and pressures from 8.8-10MPA to attain ultra-low sulfur diesel (< 10 ppm)
production. Process parameters, catalyst type and quality of feedstock are some of the factors that

can affect the hydrotreating performance (Marafi et al. 2007; Rana et al. 2007).
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2.2 Hydrotreating process variables

During hydrotreating, five main process variables that influence reaction conversion,
selectivity, activity and stability of the catalyst are: hydrogen partial pressure, total pressure,
reaction temperature, H> gas/oil ratio and the liquid hourly space velocity (LHSV). A hydrotreating
reactor operating at high hydrogen partial pressures leads to longer catalyst life cycle, higher
conversion, better distillate quality and ability to process heavier feeds. Hydrogen partial pressure
is important during nitrogen removal since it influences the hydrogenation of aromatic ring
structures that are rate limiting steps in nitrogen removal. It is therefore advisable to operate the
hydrotreating reactor at a hydrogen partial pressure which is similar to what is recommended in its
original design (Gruia, 2008; Mehra and Al-Abdulal, 2005; Stanislaus and Cooper, 1994). Since
equipment limitations prohibit the operation of the reactor near the recommended design value,
the best way the H> partial pressure can be increased is to raise the purity of the recycle gas by
increasing the makeup H: purity, releasing gas from the high-pressure separator (HPS) or lowering
the HPS temperature (Mapiour et al. 2010; Gruia, 2008). Removal of impurities are normally easier
at high hydrogen partial pressures however, this condition is a major cost problem for refineries
since it makes the reactor more expensive and increases hydrogen consumption. Hydrogen also
helps to inhibit coke deposition on catalysts due to hydrogenation of coke precursor and removal
of heteroatoms (Rana et al. 2007; Gruia, 2008).

The total pressure of a hydrotreating unit is dependent on the reactor design, and it is
controlled with the back-pressure regulator at the exit of the high-pressure liquid separator. Both
HDS and HDN conversions can be increased with high hydrogen pressures. High reactor pressure
mitigates or prevents coke formation, thus a decrease in catalytic deactivation rate occurs, and the
life cycle of the catalyst is also preserved. Under high operating pressures, conventional sulfided
catalyst can be used to achieve aromatic saturation since, this condition is favorable for
overcoming the thermodynamic limitation of aromatic saturation. On the other hand, use of
excessive pressure can saturate the catalyst to an extent that any further increase in pressure would
not have any positive effect on the activity. This implies that there are limitations on the pressure
usage (Gruia, 2008; Mehra and Al-Abdulal, 2005; Speight, 2000; Stanislaus and Cooper, 1994).
The lifetime of a catalyst and the type of compounds removed from the feedstock during
hydrotreating are dependent on temperature. A temperature surge during hydrotreating usually

cause an increase in reaction rates and the rate at which impurities are removed from the feedstock.
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Increasing temperature therefore enhances hydrotreating kinetics. Conversion can be
improved with temperature because of the Type Il Co-Mo-S or Ni-Mo-S structures which are
formed with temperature increase. Hydrogenation reaction usually increases with increasing
temperature. Since most hydrotreating reactions are exothermic in nature, there is a limit to the
maximum allowable operation temperature in order to prevent thermal cracking. The ability to
form coke also increases with increasing temperature and consequently leads to a reduction in
active catalyst sites. In the event of catalyst deactivation, it is generally common to preserve the
quality of the product and compensate for catalyst deactivation by increasing the temperature
(Candia et al. 1984; Speight, 2000). Increase in Hz gas/oil ratio promotes conversion and removal
of impurities since it ensures that the hydrogen, catalyst and feed are in maximum physical contact.
Coke deposition is also minimized with increase in Hz gas/oil ratio, and by so doing the rate of
catalyst deactivation minimizes as well. An increase in the Hz gas/oil ratio controls the temperature
rise during reactions by increasingly removing heat as reaction proceeds. The Hz gas/oil ratio aids
in stripping off volatile products from the reactant liquid feed, and therefore the concentrations of
these components are affected in the liquid reactive phase. In hydrotreating, space velocity is
termed as LHSV and it is inversely proportional to the residence or contact time. This implies that
an increase in LHSV results in less contact time and low conversion of a reaction. Higher degree
of saturation also accompanies longer contact times (Stanislaus, 2010; Ancheyta and Speight,
2007; Robinson and Dolbear, 2007; Satterfield, 1991; Aeres, 1980).

2.3 Reactivity of sulfur compounds in feedstock

Sulfur removal or hydrodesulfurization (HDS) is a type of hydrotreating reaction that
removes organic sulfur compounds in feedstock by converting them to hydrogen sulfide (H2S).
The intermediate olefins that are formed are also saturated. These organic sulfur compounds exist
in different boiling range of petroleum fractions and can be categorized into 6 (six) sulfur
compounds i.e. mercaptans, sulfides, di-sulfides, thiophenes, benzothiophenes and di-
benzothiophenes. Figure 2.1 shows examples of some simplified HDS reaction schemes. These
reactions are easier as compared to HDS reactions involving sulfur compounds which are very
hard to desulfurize. Dealing with such complex compounds during hydrotreating poses a challenge
when the aim is to reach ultra low-level diesel fuels. Higher molecular weight dibenzothiophenes
(i.e. 4, 6-dimethyl dibenzothiophene (4, 6-DMDBT) and 4-methyl dibenzothiophene (4-MDBT))
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that contain side chains that are close in proximity to the sulfur atom are examples of such difficult

compounds.

Mercaptans
RSH+H, — RH+HS 21
Sulfides
R1-8-R2 + 2H; ——= R1-H +R2-H+ H,S 2.2
Di-sulfides
R1-S-S-R2 + 3H, — R1-H +R2-H+ 2H,S w23

Figure 2.1 General reactions of some sulfur compounds in feedstock (Adapted from Guria, 2008).

These sulfur compounds with higher molecular weight are considered as refractory sulfur
compounds and consist of aromatic sulfur species. Their level of reactivity was found to be
dependent on their steric hindrance. HDS of thiophenic compounds takes place by two main
pathways which include; ring opening to remove sulfur and then saturation of the olefin that
occurs. Thus, from Figure 2.2, sulfur removal from alkylated dibenzothiophenes and
dibenzothiophene can be achieved through two possible pathways. For the first pathway sulfur
atom is directly extracted (hydrogenolysis) from the molecule whereas, in the second pathway one
atomic ring must be prehydrogenated before the sulfur atom can be extracted. The ease of sulfur
removal from a feedstock is therefore dependent on type of sulfur present in the hydrocarbon
fraction (Deliyanni et al. 2009; Gruia, 2008; Knudsen et al. 1999; Girgis and Gates, 1991).
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Figure 2.2 HDS of DBT showing two reaction pathways (Adapted from Knudsen et al. 1999).

2.4 Reactivity of nitrogen compounds in feedstock

Nitrogen removal by hydrodenitrogenation (HDN) is a hydrotreating reaction that removes
organic nitrogen compounds by converting them to ammonia. Nitrogen compounds are present in
five- and six-member rings and are made of complex molecules. Their quantity increases as the
boiling range increases and they are very difficult to remove due to their complexity. HDN
reactions are more complicated than HDS reactions hence, it is important to hydrogenate the
numerous heterocyclic aromatic molecules with strong C-N bonds to, transform them into weaker
aliphatic C-N bonds before nitrogen can be removed. Besides nucleophilic substitution, nitrogen
extraction from the intermediate alkylamines arises as a result of Hofmann 3-H elimination. Higher
temperatures and pressures are required for HDN reactions as compared to HDS reactions and
more hydrogen are consumed during nitrogen removal. In addition, the strongest inhibitors to HDS
reactions are ascribed to basic organo-nitrogen compounds that are present in the crude feedstock.
Removal of nitrogen is therefore essential during hydrotreating to achieve an efficient HDS
process. Figure 2.3 shows some typical examples of reactions involving nitrogen compounds in
heavier crude fractions. Figure 2.4 shows a demonstration of the nitrogen removal mechanism
(Prado et al. 2017; Gruia, 2008; Prins et al. 2006; Nelson and Levy, 1979).
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(A) Amine

H:;C'CH;'CH;'CH:}'NH; + H_') — H3C-CH»-CH3-CH3 +NH3 .25

(B) Pyrrole
|| | + 4H2 —_— HSC-CH2—CH2-CH3 and HBC-CH-(CH3)—CH3 +NH3 _26

N

(C) Pynidine

- 2.7
| +5H, — H3C-CH,-CH,-CH,-CH5 and H3C-CH-(CH3)-CH, -CH3 + NH4 cenndan
\N

(C) Quinoline

S -CHy-CHy-CH
| ‘ + 4H2 —_— 2 2 3 + NH3 ....2.8
Ny,

Figure 2.3 Nitrogen reactions in feedstock (Adapted from Gruia, 2008).

(A) Aromatic hydrogenation

|
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m\ +3H, — jﬁ: A
\N N

(B) Hydrogenolysis

w210
m +H? e H:;C'CH?-CHQ'CHTCHQ'NHJ
N

(C) Denitrogenation

HiC-CHy-CHy-CHy- CHpNHy +Hy — > 14.G.CHp-CHy-CHy CHg + NHy 211

Figure 2.4 Nitrogen removal mechanism (Adapted from Gruia, 2008).

2.5 Reactivity of oxygen compounds in feedstock

The quantity of oxygen in majority of crude feedstock is low. Hydrogenation of oxygen-
containing compounds present in crude oil produces hydrocarbon and water. The severity of

hydrogenating oxygen containing compounds is high with higher molecular weight compounds
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like furans than with lower molecular compounds (Gruia, 2008; Girgis and Gates, 1991). Figure

2.5 shows examples of de-oxygenation reactions in hydrotreating.

(A) Phenols
-OH
@-R S @-R * O 212
(B) Oxygenates
(CH3)3-C-O-CH3 +2H, —* (CH4)3-CH + H,O+ CH,4 AR

(C) Napthenic Acids

0

R—C *3H — RCHy+2H,0 - 214

OH

Figure 2.5 De-oxygenation reaction during hydrotreating of feedstock (Adapted from Gruia,
2008).

2.6 Olefins saturation
Olefins occur when the petroleum fractions are processed in catalytic or thermal units.

Thus, olefins are commonly found in feedstocks obtained from thermal cracking operations like
ethylene production and coking. Prior to hydrotreating, it is advisable to prevent petroleum
fractions containing olefins from being in contact with oxygen in order to avoid the occurrence of
polymer gums. Olefins saturation involves the hydrogenation of unsaturated products to form more
stable hydrocarbons. Olefins saturation reactions are highly exothermic and very fast hence, they
must be handled with care to prevent extreme coking that can result in a build up of pressure drop
and/or maldistribution of liquid feed through the catalyst bed. Figure 2.6 highlights some examples
of olefin saturation (Ancheyta and Speight, 2007; Gruia, 2008).

(A) Hexene

C6H12+H2 —_— CBHM ..2.15

(B) Cyclohexene

O h — O 216

Figure 2.6 Olefin saturation in hydroprocessing (Adapted from Gruia, 2008).
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2.7 Aromatic saturation

Aromatic saturation or hydrodearomatization (HDA) is important in hydroprocessing
since, it enhances fuel quality and reduces the creation of unwanted emissions in exhaust gases.
Aromatics present in middle distillates and high boiling petroleum fractions usually consist of four
groups i.e. monoaromatics, diaromatics, triaromatics and polycyclic aromatics depending on how
many (1, 2, 3,>4) aromatic rings are present. The polycyclic aromatics have at least four benzene
rings and are mostly present in high boiling petroleum fractions. Maximum aromatic saturation
occurs within temperatures of 320 — 360 °C. To achieve complete aromatic saturation more severe
process conditions than normal hydrotreating conditions are applied. Saturation of polycyclic
aromatics takes place by a stepwise mechanism. Examples of some aromatic saturation reactions

are shown in Figure 2.7 (Gruia, 2008; Stanislaus and Cooper, 1994).

(A) One ring — Toluene

@:H3 +3H, "CHs w217
e

(B) Two ring —Napthalene

+3H7 —>

(C) Three ring- Phenanthrene

@C\Q P QC\D .. 2.19
SO =G0

Figure 2.7 Aromatic saturation in hydroprocessing (Adapted from Gruia, 2008).

2.8 Metals removal in feedstocks

In hydrotreating, hydrodemetallization or HDM reactions that takes place are aimed at
removing metals in heavy boiling fractions of crude. The predominant metal contaminants in
heavy crudes are vanadium (V) and nickel (Ni) however, other metal contaminants that are present
include copper (Cu), iron (Fe), arsenic (As), zinc (Zn) and sodium (Na). These metals exist in the
form of salts or organo-metallic compounds. During hydrotreating, these metals settle on the

catalyst as metal sulfides (NisSz, V3S2, V3S4) and block the pores due to their large size.
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The effect of this pore mouth blockage of the catalyst include; reduced number of active
catalytic sites, drastic decrease of catalyst hydrogenation activity and inability to access reactant
molecules. Metallic contaminants in the crude, therefore, causes catalyst fouling and poisoning.
Deactivation by metal deposits are not reversible unlike, the reversible catalyst deactivation by
coke during catalyst regeneration. Liquid products get contaminated by metals as well resulting to
a deterioration in their physical properties. Additionally, the presence of these metal contaminants
leads to extreme coke and gas formation. Ni, V, and Na have been known to cause extensive
corrosive damage to hydroprocessing units, boilers and furnaces. These metal particles also pollute
the environment since they contribute to particulates emission and exist in the submicron size
range. Removal of V from the crude oil has an impact on environmental pollution control since
this reduces the occurrence of acid rain. Arsenic and mercury are the primary contaminants in
naphtha and condensates, respectively. Arsenic and mercury contaminants easily form alloy (e.g.
aluminum alloy) with active metals and creates an inactive catalyst surface. Thereby, this causes
a reduction in the effective surface area for reactivity. Other problems posed by Hg in the refinery
include, toxic waste generation, corrosion of equipment’s, health impacts, catalyst poisoning and
reduced catalyst life. The decomposition reaction to form metal sulfides is shown below. (Abbas
et al. 2010; Maity et al. 2013; Elliot, 1996; Guria, 2008; Wilhelm, 2001).

R—Me+H,S > R— H, + MeS ....2.20

2.9 Inhibitors to hydrotreating reactions

Hydrogen sulfide (H2S) is a common inhibitor in HDS process. HzS produced during HDS
compete for similar catalytic active sites during the catalytic removal of sulfur in feedstock.
Elimination of H.S as an inhibitor is inevitable since it is a key by-product in hydrotreating.
Difficulties in hydrotreating also occurs as a result of inhibition effect of nitrogen-containing
compounds on HDS. Egorova and Prins, 2004 noted that nitrogen and sulfur containing molecules
have similar hydrogenation sites, but nitrogen-containing compounds strongly suppress the

hydrogenation of sulfur containing compounds (Yoshimuru et al. 2004; Egorova and Prins 2004).
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2.10 Hydrotreating catalyst

A hydrotreating catalyst consists of transition metals like Mo and W dispersed on a support
and promoted by Co and Ni. Theses promoters enhance the activity of the hydrotreating catalyst
and provide a synergetic effect on the metals. At specified conditions, the catalyst’s activity for a
reaction is defined in terms of the rate of reaction over the catalyst. The catalyst with a higher
activity therefore shows higher rate of reaction at the given conditions. Chemisorption is a factor
that influences the catalyst activity because, for the catalyst to be active the adsorption of reactants
on the catalyst surface should not be too weak or strong. Activity can also be defined in terms of
an achievement in the conversion of a reactant. This implies that at specified conditions the higher
the conversions, the higher the activity of the catalyst for that reaction. For metal-supported
catalysts activity is usually defined in terms of metal sites since the metal sites are the active sites
for chemical reactions. As a result, the activity is mostly expressed in terms of turnover frequency
(TOF). TOF can be expressed at the number of molecules reacting per active sites per second.
Reaction increases with increasing activity since, the activity of a catalyst is its tendency to
increase the rate of a reaction (Fogler, 2006; Satterfield, 1991).

Table 2.1 shows general physical properties of hydrotreating catalysts. (Zhu et al. 2016;
Robinson and Dolbear 2007; Chianelli et al. 1994). A plethora of research uses transition metals
sulfides (TMS) from group VIII elements of the periodic table to prepare hydrotreating catalysts.
Additionally, MoS; or WS> is acommon TMS used in hydroprocessing and there is a surge in their
use since, extremely high intrinsic activity for HDS of organic sulfides can be achieved with them.
Use of TMS catalysts in hydroprocessing is also advantageous because, they are more resistant to
catalyst poisoning and carbon deposition than other metals outside the TMS group. Common
catalytically driven TMS reactions include (HDS), (HDN) hydrodemetallization (HDM),
dealkylation, as well as ketones, olefins and aromatics hydrogenation (Chianelli et al. 2002;
Chianelli et al. 1994).

22



Table 2.1 A hydrotreating catalysts typical physical properties
(Adapted from Robinson and Dolbear, 2006).

Property Low High
Surface area, m?/g 150 250
Pore volume, mL/g 0.5 1.0
Pore diameter (Average), nm 7.5 25
Bulk density, kg/m® 480 960
Co or Ni (as CoO or NiO), wt% 3 8
Mo or W (as MoOs or WOs3). wt% 10 30

In general, TSM catalysts are made by decomposition of a sulfur-containing precursor or
by direct sulfidation of the metal salt (e.g. oxide). Ni and Co promoted MoS,/Al>O3 are frequently
used as industrial catalyst for HDN and HDS reactions. NiMo catalysts are selective for nitrogen
removal whereas, CoMo catalyst are selective for sulfur removal. (Zhang et al. 1998). The major
problem with heterogenous catalysts is the decrease in catalysts activity with time. Recent
approaches for attaining deep hydrodesulfurization (HDS) in hydrotreating include; single stage
hydrotreating of light gas oils with highly active HDS catalysts such as NEBULA and CENTINEL
(Eijsbouts et al. 2007; Plantenga et al. 2002) or a two-stage integrated hydrotreating approach
whereby, in the first stage a traditional NiMo or CoMo sulfide catalysts is utilized and then for the
second stage use is made of a noble metal catalyst with sulfur-tolerance. The draw back to the
addition of second reactor is that it leads to high cost of equipments and complicated operational
problems (Yoshimura et al. 2004).

2.11 Catalyst life cycle during hydrotreating

During hydrotreating, the life cycle of Ni-Mo (Co-Mo) catalyst supported on the traditional
Al>Ossupport varies by changes in structure and the way the active phase is dispersed. The various
transformations are shown in Figure 2.8. As can be seen in step (a), the oxidic catalyst consist of
oxidic Mo and Ni species that are bound to Al.Os. The oxide catalyst must be sulfided in order to
make it active for hydrotreating. Sulfidation of this catalyst takes place in stages and proceeds with
sulfidation of the Ni species. Therefore, in step (b) the sulfided Ni species is no longer bound to
the Al>O3 support, and the oxide catalyst is partially sulfided due to the link between Al.Os and
Mo oxysulfide. As sulfidation continues in step (c), the catalyst is still partially sulfided and

therefore, part of the Mo species become sulfided whereas the non sulfided Mo species still
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remains bound to the support. In step (d) the oxide catalysts remain in its partial sulfided state and
as a result some slabs of MoS: that appear with Ni decoration remains attached to to Al2Os.

The sulfided catalyst in its partial state becomes completely sulfided in step (e) and because
of the occurrence of fully sulfide species of Mo at this point, the slabs of MoS, with sulfidic Ni
decoration attain mobility. In the process of catalyst deactivation, i.e. step (f) small slabs of MoS;
with sulfidic Ni decoration gets sintered into large slabs, stacks and crystals. Also, formation of
separate Ni sulfide crystals occur since the crystal surface is not large enough to accommodate all
Ni species. Regeneration of the deactivated catalyst as in step (g) causes part of the MoS> crystals
decorated with Ni sulfide crystals to be partially redispersed. Step (h) illustrates that in
regeneration Ni (Co) do not redisperse on oxidation but, only large MoS; crystals becomes
oxidized on the surface. Small structures in the catalyst are however, oxidized completely during
regeneration and return to their initial state in step (i). Rapid and complete sulfidation of Mo occurs
under high sulfidation temperatures like step (j) and therefore does not involve the intermediate
steps. Addition of a chelating agent such as NTA in step (k) forms —Ni-Mo-NTA complexes that
are fully sulfided and have no linkages with the support (Eijsbouts, 1997).

b MoO:S
Q Y

d l MoS: decorated

E.I with NiSx
g

Figure 2.8 Life cycle of NiMo/Al,Os catalyst during hydrotreating (Eijsbouts, 1997).
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2.12 Effect of secondary promoters on HDS and HDN

Secondary promoters such as phosphorous, fluorine and boron are incorporated into the
synthesis of a hydrotreating catalyst to enhance the acidity of the catalysts. Addition of boron likely
changes the strength and type of alumina acidity. Based on co-precipitation, some Al atoms may
be substituted by Boron to form B**, and both Lewis plus Bronsted acidic sites are possibly formed
when H20 is also present. This implies that increasing boron content subsequently enhances the
quantity of acid sites. Furthermore, HDS and HDN catalytic activities also increases since, increase
in NiMo/Al203 catalysts acidities facilitates C-S or C-N bond scissions of nitrogen and sulfur
species in the feedstock. On the contrary, other researches have shown that addition of boron has
a detrimental effect on HDS and HDN activities (Yao, et al. 2012; Ding et al. 2007; Perot, 2003;
Delmastro et al. 1992). Usman et al. (2007) found out that catalyst performance is improved after
boron addition since, it results in the weakening of surface interactions that exist between the Al>O3
support and molybdenum oxides. In so doing, the type of acid sites changes from a less type | Co-
Mo-S active phase to a more type Il Co-Mo-S active phase.

Although there are controversial studies as to whether addition of phosphorus to NiMo/y-
Al;O3 catalyst have a promotional or detrimental effect on HDS and HDN activities, Sigurdson et
al. (2008) discovered an increase in sulfur and nitrogen conversion as phosphorus content was
raised from 0.5 to 2.0 wt%. An enhancement in HDN and HDS activities at these phosphorus
concentrations was attributed to higher metals dispersion on the surface of the catalyst. Moreover,
upon phosphorus addition available metal sulfides clusters that could have been formed on the
catalyst surface and restricted accessibility to active sites are eliminated. With higher dispersion
more transition metals appear on the catalyst surface and therefore increases the amount of
accessible sulfided active metal sites for molecules in the feed. Additionally, the work by
Sigurdson et al. (2008) showed that conversions where higher for HDN activities than HDS
activities as a result of the rate determining step and mechanism of the simultaneous HDS and
HDN reactions. Since the C-N bond breaking step appears to be the slowest in the HDN reaction,
it was noted that addition of phosphorous facilitated the breaking of C-N bond (rate determining
step) due to the formation of new Bronsted acid sites (from Drift spectroscopy analysis) that
subsequently increased the HDN activity. Alternatively, the minimal increase in HDS activity after
phosphorous addition could be ascribed to the fact that C-S bonds are not the rate limiting step

because, they mainly originated from organic sulfur compounds that are less weak compared to
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bonds involving C-N. Meanwhile, the rate limiting step for HDS hydrogenation takes place on
metal sulfide species with sulfur vacancies (Sigurdson et al. 2008; Yang and Satterfield, 1983).

Molecular-level research work to ascertain the effect of promoters in hydrotreating suggest
that, there is a correlation between the structure of a promoted catalyst and its catalytic
functionality. In general, for the well known “Co-Mo0-S” or “Ni-Mo-S” phase, its hydrotreating
activity is dependent on MoS; nanoparticles edges while, its promotional effect is linked to the
presence of Ni or Co atoms that are at the edges of MoS;-like structures in these aforementioned
phases. The Co-Mo-S structure is also referred to as a Type | phase if it is made up of single-layer
MoS> nanoparticles. On the other hand, it is called a Type Il phase if it consists of multi-layer
MoS> nanoparticles. The Type Il phase is normally more active than the type | phase (Topsoe et
al. 1981). Certain model studies show that an un-promoted MoS: nanoparticle is in the form of a
triangular shape and terminated with (100) Mo-edge termination however, in a sulfided state the
presence of Co and Ni improves the stability of hexagonally shaped MoS; nanocrystals by
preferably attaching to lower indexed (-100) S-edge termination of MoS; nanocrystals (Zhu et al.
2016).

2.13 The role of the catalyst support

The ultimate purpose of the support is to disperse and maintain the active catalyst metals
in a stable state, and consequently the benefits of an enhanced dispersion is that, catalytic activities
are improved due to the tendency to maximize the degree of exposure of the catalytic active sites
to reactants. Furthermore, the activity of the catalyst can be influenced by the support material as
a result of the interaction between the support and active sites (metal catalyst). This interaction
effects are in two parts; electronic and geometric effects. In terms of the electronic effects, the
support material modifies the catalyst particles electronic characteristics and thereby affect the
reactivity of active sites available on the surface of the catalyst. On the other hand, the geometric
effect causes a modification of the catalyst particles shape by the support material. Both (electronic
and geometric) effects likely changes catalytic sites activities on the metal surface and results in
the modification of available number of active sites. Another benefit of using a support is that
during catalyst preparation, the overall cost of the catalyst is reduced by diluting the active metals
and promoters with the support that results in enormous cost saving venture for catalyst
manufacturers (Antolini, 2009; Satterfield 1991).
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Despite the successful commercial use of the traditional catalyst (cobalt or nickel promoted
with molybdenum or tungsten on alumina support) some challenges encountered with this catalyst
are difficulties in sulfurization and strong interaction effect between the active species and support
material. Use of alternate supports such as carbon (especially activated carbon), zirconia, titania,
and silica have stimulated research interest over the years. The type of support used is important
since catalytic activity could be affected depending on the interaction existing between the active
phase and the support. Desirable characteristics of a selected support include; inertness, high
mechanical properties, stability under reaction and regeneration conditions, high textural
properties and its chemical nature. Carbon has been found to be a good replacement for
conventional alumina since studies involving carbon supported Mo, CoMo, or NiMo catalyst had
shown excellent HDS activity in comparison with the metal or metal compounds on alumina.
Carbon supports has been known to provide good catalytic performance in industrial processes
(Shu and Oyama, 2005; Rodriguex-Reinoso, 1998). Additionally, use of carbon in place of alumina
has led to lower coke deposition, and an ease in recovering the carbon from the spent catalysts by
burning off the carbonaceous support. Another advantage of using carbon materials as support is
that, carbon materials can be used under high pressure conditions with no damages. Due to this,
porosity loss and the consequent negative effect on adsorption performance are not an issue when
carbon is used under high pressure conditions (Casco et al. 2015). The use of nanomaterials such
as carbon nanohorns (CNH) and carbon nanotubes (CNT) in research has soared over the years
due to their remarkable properties (e.g. physical, chemical, mechanical, thermal, electrical or
optical) which makes them available for use in numerous applications like drug delivery, hydrogen
storage, and fuel cell (Shang et al. 2007; Rodriguex-Reinoso, 1998).

In an HDS study done by Lee et al. (2003) they discovered that use of a new type of
nanoporous carbon that had large mesoporosity and surface area enhanced the overall activity of
CoMosS catalyst as compared with activated carbon and alumina. Out of the three support types it
was discovered that although the surface area of activated carbon was the largest, there was a
drastic reduction its surface area after metal loading. For the nanoporous carbon and alumina, their
surface areas were almost preserved once metal loading was done. The intrinsic activity of the
catalyst on activated carbon support was also low compared with the intrinsic activity when
nanoporous carbon and alumina were used as support. This may be due to the limitation of

reactants to diffuse into the catalyst pores. Results from their studies therefore showed that using
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nanoporous carbon as a support has promising effect in HDS studies as a result of its high
mesoporosity and large surface area. Besides large surface area, a high mesoporosity is also
advantageous in dispersing the metal catalyst on the support during catalyst preparation as this
prevents significant pore blocking (Lee et al. 2003). It has been realized that the alumina support
cannot be termed inert since the Ni and Co promoter ions occupy octahedral and tetrahedral sites
in the outer layers of the support after reaction. In addition, Ni (Al.04) and Co (Al>04) could be
formed based on the conditions under which the catalyst was prepared (Breysse et al. 2003).

2.14 Catalyst preparation

The supported metal catalyst used in hydrotreating or hydrocracking can be prepared using
two main methods i.e. precipitation and impregnation. For the precipitation method, at least two
solutions are combined and form the solid product after filtration, washing, drying, and forming.
The formed precursor catalyst is further activated via physical (e.g. heating via calcination) and
chemical (e.g. reduction of metallic catalysts) means. On the other hand, impregnation is the
commonly used method for catalyst preparation. In this method, the active metals are distributed
within a porous catalyst support after contacting the support with an aqueous solution containing
at least one active metal of choice. The procedure is mainly dependent on the suck up of aqueous
solution onto the porous catalyst by capillary action. After impregnation the catalyst is dried and
activated just like the precipitation method. Impregnation can be divided into two types that is wet
impregnation and dry or incipient wetness impregnation method. For wet impregnation, the
support is contacted with excess aqueous solution such that the uptake by capillary action
comprises of uptake from the sum of solution clogged in the pores and the solution adsorbed on
the pore surfaces. This procedure ensures that pores are fully saturated. The incipient wetness
impregnation method, which is typically used in industries involves contacting the support with
aqueous solution of concentrations equivalent to the exact pore volume of support or less. The

support is therefore left in a just dry state (Robinson and Dolbear, 2007; Satterfield, 1991).

2.15 Carbon and its allotropes
Carbon exists in distinct crystalline and molecular forms known as allotropes. Carbon
allotropes have specific properties that stems from their unique structures. The most common

carbon allotropes are diamond (sp® hybridized carbon atoms), graphite (sp? hybridized carbon
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atoms), amorphous carbon and fullerenes (e.g. buckyballs, ellipsoidal fullerenes, carbon nanotubes
(sp? bonds)) and though they both have the same carbon chemistry they differ in structure and
properties. As an example, diamond is the hardest material that is well known whereas, graphite
is very soft. CNH falls under fullerenes. Figure 2.9 shows examples of some carbon allotropes
(Georgakalis et al. 2015; Ren et al. 2012; Bera et al. 2006; Robertson and O’Reilly, 1987).

Figure 2.9 Examples of carbon allotropes a) Diamond, b) Graphite, ¢) Amorphous carbon d)
Spherical fullerene, Ceo €) Ellipsoidal fullerene, C7o and f) Tubular fullerene, SWCNT (Ren et al.
2012).

2.16 Carbon nanohorns (CNH)

CNH is composed of horn-shaped sheath of approximately 30-50 nm in length and 2-5 nm
in diameter that groups together (about 2000 horns) to form a spherical aggregate that is 80-100
nm in diameter. CNH consists of both mesopores and micropores. Carbon nanohorns exist in two
main forms i.e. dahlia-like and bud-like CNH. For the dahlia type CNH, the horns protrude out to
the surface of its aggregated spherical structure whereas, for bud-like nanohorns the horns are
present within its aggregated spherical structure. CNH appears as single walled carbon nanohorns
unlike, CNT that can be in the form of either single-walled or double-walled CNT (Azami et al.
2008; Bandow et al. 2000; lijima et al. 1999). A TEM image of the CNH produced by lijima et al.
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(1999) is shown in Figure 2.10a. Figure 2.10 b shows a conceptual diagram of a CNH agglomerate
by Fan et al. (2007). Each of CNH horn-shaped sheath comprises of a cone angle of approximately
20°C which is equivalent to five pentagonal rings at its tip. The sharper the opening angle, the
greater the number of pentagonal rings. Thus 113°, 84°, 60°, and 39° corresponds to one, two,

three and four pentagonal rings as shown in Figure 2.11 (Treacy and Kilian, 2001; Ebbesen, 1998).

2007).

30



Figure 2.11 Five possibilities of graphitic cones and experimental representation (Krishnan et al.
1997; Ebbesen 1998).

2.17 Application of CNH

CNH is used for drug delivery purposes due to its shape (shell structure). As such their
large surface area and numerous horn interstices enhances the adsorption of guest molecules on
them. Additionally, the robust-spherical CNH aggregated size is beneficial since, it makes way for
enhanced permeability and retention (EPR) effect. This implies that after CNH had permeated
through damaged tumour tissue vessels, they stay intact due to limited lymphatic drainage. The 2-
5 nm diameter of CNH horn is also suitable for slow release and incorporation of materials and
drugs. During drug delivery, slow release is important because it reduces the amount of drug that
could be lost before hitting its target (Aijima et al. 2005). The high specific surface areas of CNH
material make them novel candidate for gas (methane) storage purposes and energy saving devices.
In fuel cells application CNH is used as a support material for catalysts (e.g. Pt). Good composite
materials can also be made using CNH as a result of its high conductivity and dispersibility in
addition to its distinctive tubular structure. The strong oxidative property of CNH makes them
highly sensitive in detecting ozone (Oz3) in gas (Sano et al. 2007; Yang et al. 2007; Tanaka et al.
2005; et al. 2003; Yoshitake et al. 2002). Use of CNH for hydrotreating have not been reported in

open literature.
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2.18 Synthesis methods for CNH
Carbon nanomaterials (e.g. CNH and CNT) can be synthesized using three key methods

namely, laser ablation, arc discharge and chemical vapour deposition (CVD).

2.18.1 Laser ablation method of carbon nanomaterial synthesis

The laser ablation method is a process whereby a laser beam (mostly CO. laser or Nd:
YAQG) is used to vaporize a material after hitting a solid target (e.g. graphite). The laser method is
operated under inert (argon (Ar), helium (He), nitrogen (N) and neon (Ne) gas) and high
temperature (1200 °C) conditions. The pressure is also kept under control at approximately 101.33
kPa. Reaction is run in a quartz tube equipped with a cooled collector end. Absorption of the laser
beam at the targeted area causes chemical bonds to break. Consequently, high velocity injection
and evaporation of the targeted material occurs due to the intensity of the laser beam as it heats the
localized surface. As a result, carbon species that are produced are transported to a copper-cooled
collector end with the aid of the inert carrier gas (Purohit et al. 2014; Arepalli 2004). The vaporized
species then cool and causes minute carbon atoms and molecules to condense into larger clusters
such as CNH or fullerene. Spiral rotation of the target at approximately 2 rpm and 90 minutes can
result in continuous CNH production, and no catalysts is needed for CNH production. Factors such
as, laser conditions (intensity, wavelength and pulse duration) and the nature of the targeted
material affects the extent and rate of ablation. The laser can be run in continuous or pulse mode.
Although the laser method produces carbon nanomaterials in high yield, it is a very expensive
method of choice (Purohit et al. 2014; Arepalli 2004; Bekyarova et al. 2003).

2.18.2 Arc discharge method of carbon nanomaterial synthesis

Arc discharge is the generation of plasma after an electrical breakdown of a gas. During
arc discharge two carbon rods (anode and cathode rods) facing each other and separated by a 1mm
gap gets vaporized after a current has passed through them. Usually the reaction is conducted in
an inert environment (liquid or gas) to create an oxygen free environment for the reactions (Arora
and Sharma, 2014; Antisari et al. 2003). This arc vaporization process creates a high temperature
(~ 4000-6000K) between the anode (positive) and cathode (negative) rods and, causes the anode
rod to consume and settle on the face of the cathode rod as the anode rotates along its orbit towards

the cathode. From literature the deposit comprises of carbon nanohorns, carbon nanotubes, carbon
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onions, amorphous carbon, multi-shells and some dislodged graphene sheets (Bera et al. 2006). It
is important to keep the voltage (15-30 V) across the electrodes constant to maintain a stable
plasma. A uniform plasma arc and temperature is also required to meet huge production demands.
Also, the quantity and quality of the carbon nanomaterial have been found to be dependent on the
current, voltage, pressure, cathode shape, temperature, setup modification. Graphite is commonly
used as a carbon precursor in arc discharge because of it is readily available on the market in a
pure state, and moreover graphite is an excellent conductor of electrons and heat. The arc discharge
method is simple to setup and produces high yield CNH material (Das et al. 2016; Arora and
Sharma, 2014; Akiladevi and Basak, 2010).

Figure 2.12 depicts a proposed physical model to explain how carbon-nanomaterials are
formed using the arc discharge in liquid method. The liquid medium (liquid nitrogen or deionized
water) aids in cooling the high temperature electrodes after arcing and provides a unique boundary
for nanomaterials nucleation and growth. During arcing the ablated carbon ions and atoms from
the anode and arc region combine into smaller particles as they move to lesser temperatures near
the relatively cold bubble wall. The cooling effect close to the bubble wall produces adequate
temperature gradients that aids with the nucleation and growth of carbon nanostructures (Xing et
al. 2007). Typically, liquid nitrogen is used to synthesize CNH whereas, deionized water is used
to produce CNT and carbon onions. Considering liquid nitrogen and water, the extremely low
temperature of liquid nitrogen compared to water creates a higher temperature gradient which
causes carbon fragments migrating to cooler liquid nitrogen area around the liquid nitrogen bubble
wall to bend abruptly and agglomerate into CNH as a result of an intense quenching effect.
Contrarily in the case of water, the nucleation, growth and agglomeration of the ablated carbon
fragments are impeded since, the lesser quenching effect allows the fragments to grow into
spherical perfect carbon onions. CNT formation also takes place as a result of directional
movement of ablated carbon species from the anode to the cathode. Temperature gradient and
consistent supply of carbon species were found to be key factors for nanomaterials fabrication
(Xing et al. 2007, Sano et al. 2004; Wang et al. 2004; Sano et al. 2002).
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Figure 2.12 Schematic drawing showing a proposed physical model of the arc discharge method
using liquid (Xing et al. 2007).

2.18.3 Chemical vapour deposition method for synthesising carbon nanomaterial

Chemical vapour deposition method can be used to produce carbon nanomaterials. It
involves the decomposition of carbon containing source (in gaseous form) at elevated temperatures
over a transition metal catalyst to form carbon nanomaterials. As a result, it is important to have a
catalyst surface since it plays an important role by allowing both the decomposition of the carbon
precursor and the formation of carbon nanomaterial. The steps involved can be broken down into
two with the first step being the catalyst preparation step. Transition metals like Ni, Au, Fe, and
Co are suitable for making these metal catalysts. The metal catalyst which can be prepared by
either physical vapor deposition, dip coating or sputtering is deposited on a substrate and
thereafter, catalyst nucleation proceeds using thermal annealing or chemical etching. The clustered
catalysts on the substrate are mainly the sites for the growth of the carbon nanomaterial. Ammonia
is acommon etchant used in the CVD method. Ni, Silicon (Si), (SiO2), Copper (Cu), stainless steel
or glass are frequently used as substrates in CVD (Akiladevi et al. 2010; Purohit et al. 2014; Prasek
et al. 2011; Hafner et al. 1998).

The substrate-coated-catalyst must be heated in a gaseous environment rich in carbon to
aid with nanomaterial synthesis. Thus, a carbon source (acetylene, carbon monoxide, methane) is
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introduced into a reaction chamber in a gaseous form, and heat from an energy source such as a
heated coil or plasma is applied to convert the carbon molecule into carbon atom. The hydrocarbon
is therefore decomposed by heat. Following this, the carbon atom diffuses towards the substrate-
coated-catalyst to allow nanomaterials to grow over the metal catalyst. The synthesized
nanomaterial is finally collected after the system had been cooled to room temperature using
nitrogen. Temperatures ranging from 600 to 1200 °C are used to decompose the hydrocarbon.
Vaporized reactants are transported in the reaction chamber using a carrier gas like Ar or No.
Reaction can be run in a quartz tub furnace that has a temperature controller. CVD is a simple and
versatile method since varieties of hydrocarbons in any state (gas, liquid or solid) can be used. The
main drawback with this method is that the carbon nanomaterial produced from CVD method is
structurally more defective than those produced by the laser or arc method (Akiladevi et al. 2010;
Purohit et al. 2014; Li et al. 2009; Koziol et al. 2010).

2.19 Functionalization

Functionalization is commonly utilized in the area of nanotechnology, chemistry and
material science and the aim is to add a new function, feature or property onto a material in order
to alter its surface chemistry. Carbon nanomaterials (e.g. CNH, CNT) must be functionalized in
order to create surface defects which acts as active or anchoring sites for metals that are added on
the support. Functionalization of carbon nanomaterial results in the attachment of molecules or
functional groups (e.g. carboxylic acid) to the surface of the material by chemical bonding or
simply by adsorption. This treatment option is aimed at changing certain characteristics on the
surface of the material which include; adhesion, hydrophilicity, surface charge, reactivity and
roughness. Functionalization therefore aids in fine tuning the properties of carbon nanomaterial
for other applications (catalyst formulation or hydrotreating reactions) by enhancing; the surface
functional groups, surface area, porosity, pore volume, chemical bonding properties (due to the
addition of oxygen atoms to the surface) and electro properties. The wetting and adsorption
behaviour of carbon can be improved with functionalization. In catalysis enhanced wetting and
adsorption are key properties required for a good catalyst. Functionalization can be controlled by
varying temperature, acid concentration and duration of treatment. Choice of the right surface
treatment technique is essential in maintaining the strength of the carbon nanomaterial for further
reactions (Utsimi et al. 2007; Boehm, 2002; Stein et al. 2009).
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Surface treatment can be accomplished by using oxidizing agents and gases such as nitric
acid (HNOg), sulfuric acid (H2SOs4), hydrogen peroxide (H20.), potassium permanganate
(KMnOg), air, ozone (O3), and carbon dioxide (CO,) (Pagona et al. 2009). With gas phase
oxidation the carbonyl and hydroxyl functional group are enhanced whereas, liquid phase
oxidation mainly improves the carboxylic groups. Among the liquid oxidants, functionalization
with HNO:z is usually preferred since, HNO3 is not toxic, does not form secondary impurities and
is inexpensive. Moreover, use of HNOs results in easier control of its oxidizing properties via
temperature, time and concentration. The oxidized carbon surface can have acidic or basic
functionalities depending on the functionalization method, and acidic surfaces having cation
exchange properties are often formed when liquid oxidation is opted for or when oxygenated
groups are created on the surface at high temperature (or through ageing). Acidic surface properties
also occur as a result of carboxyl, hydroxyl and lactone groups that are generated during the
oxidation treatment (Karousis et al. 2016; Stein et al. 2009; Boehm, H. 2002; Figueiredo et al.
1999). Examples of some likely oxygen surface groups are shown in Figure 2.13 (Boehm, H.
1994).

\/ N
COOH A & Ye—o Ye-o0 on

f;ii m ﬁﬁi
o ok e o

(e}
Figure 2.13 Examples of surface oxygen group structures; a) carboxyl group, b) carboxylic

anhydride, c) lactone group, d) lactols, e) single hydroxyl group, f) isolated carbonyl group, g)

quinone-group h) substitution of oxygen for edge carbon atoms (e.g. xanthan) (Boehm, 1994).

In relation to CNH, prior to functionalization the closed structure of CNH makes it difficult
to allow any materials to penetrate its interior nanospaces. However, after functionalization

possible entry points are generated which allow access to potential adsorption sites in the interior
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of the nanohorns (Raffi-Tabar, 2004). Xu et al. 2011 emphasized that creation of holes on CNH
aggregate via functionalization exposes three adsorption sites for other applications i.e. the
external CNH surface, interstitial spaces between adjacent nanohorns and internal spaces within
CNH at its edges (Xu et al. 2011).

Nitric acid is an oxidant and may be referred to as oxygenation reagent since it contains
oxygen. After a reaction between nitric acid and carbon the products are made of carboxyl,
nitrogen dioxide or nitrogen functional groups and water. For carbon materials, the characteristics
of their surface (acidic or basic character) have a major impact on their surface chemistry. The
porous carbons used in catalytic applications have graphitic structures and therefore contain, basal
plain defects and unsaturated carbon atoms at the edges of the graphene layers which are prone to
react with water, oxygen, nitrogen, or sulfur precursor compounds to form varieties of surface
functional groups. The surface properties of carbon materials are influenced by their structure and
consequently this also determines the way the carbon materials behave in catalysis. As mentioned
earlier, acid treatment of carbon materials introduces oxygenated functional groups like carboxyl,
phenols, alcohols, lactones and ketone on the surface, and enhances the hydrophilicity and surface
charge density of the carbon material. The oxygenated functional groups, which are normally
present at defective sites can be used to anchor metal precursors during catalyst formulation since,
they have the ability to chemisorb reactants and form intermediate surface groups having adequate
strength (Figueiredo et al., 2010, Moreno-Castilla et al. 2000; Figueiredo et al. 1999).

Unlike the chemical properties of carbon, which is associated with their surface functional
groups, the physical properties of carbon are determined by factors such as porosity, size and
specific surface area. Acid treatment does not only change the surface properties of carbon but at
times it removes impurities and changes the porosity and specific surface area as well. The
functional groups that are formed are dependent on the concentrations of nitric acid being used for
the treatment. As a result, nitro groups and ketones are formed when low concentrations of nitric
acid are used, and the following reactions are likely to be observed:

-CH; + 2ZHNO3 — C=0 + 2HNO? + H;0
-CH + HNO3z — -C-NO3 + H20
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However, using high concentrations of nitric acid produces carboxyl groups according to
the reaction below:
-2CHz + 5HNOs — 2COOH + 5HNO? + H20
(Zhang et al. 2017; Ternero-Hidalgo et al. 2016; Figueiredo et al., 2010).
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CHAPTER 3
Characterization Techniques and Sample Analyses
Contribution of this chapter to the overall Ph.D. work

Characterization of the catalyst is important since it provides information on the catalysts
physico-chemical properties and gives a better understanding about how these properties affect
hydrotreating reactions. For instance, knowledge on the textural properties (surface area, pore
volume, pore diameter) of a catalyst is important since, it helps to control how the active
components of catalysts are accessible for reactions. Thus, textural properties information from
Brunauer-Emmett-Teller (BET) helps to determine whether the catalysts has; adequate surface
area to improve dispersion, high pore volume to improve metal loading capacity, and optimum
pore diameter to ensure that reactant molecules can diffuse in and out of the pore diameter for
reactions. Prior knowledge about the catalyst pore size can also help to prevent operational
challenges like clogging especially if the pore diameter is very small and a heavy crude oil has to
be hydrotreated. Transmission electron microscopy (TEM) stacking information (i.e. Molybdenum
disulfide (MoS.) slab stacking degree and slab length) about a sulfided NiMo supported catalyst
would reveal if a Type-lI or Type-II NiMo phase was formed and would provide a clear
understanding about the morphology and distribution of MoS> and how the phase impacted the
hydrotreating activity results.

Knowledge of the elements present on a catalyst can help in troubleshooting operational
problems such as corrosion. Verification of the catalysts chemical composition is necessary in
situations where modification of the catalyst chemical composition for improved hydrotreating is
important. Additionally, a technique such as electron microscopy reveals information about how
the elements used in formulating the catalyst are distributed within the catalysts grains whereas,
chemisorption techniques give insight on the catalyst surface reactivity. In the case of liquid
(untreated and treated gas oil) samples, characterization techniques help to ascertain if the
environmental protection agency (EPA) sulfur limit of 15 ppm mandated in Canada is being met
and therefore, helps to improve upon the catalyst or hydrotreating process depending on the results

of the treated sample. Overall, characterization is important in product and process development
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In the following subsections under this chapter, the various characterization techniques

used in this research are described.

3.1 Brunauer-Emmett-Teller (BET) surface area, pore size and pore volume analyzer

The BET method is used to evaluate the textural properties (specific surface area, specific
pore volume, pore diameter and pore size distribution) of materials. The BET theory depends on
the physical adsorption of gas molecules onto a solid surface, and in the case of physical adsorption
the forces between the adsorbate (gas) and adsorbent (solid) are Van der Waals. The most
commonly used adsorbate gas is nitrogen, however argon (microporous samples with pore size <
2nm) and krypton (precise measurements of tiny adsorbed quantities with specific surface area <
1m?g) can also be used as probe molecules for the BET analysis. At constant temperature, the
relationship between the quantity of gas adsorbed and the relative partial pressure (P/Po) can be
described by an adsorption isotherm. An adsorption-desorption isotherm therefore signifies the
measured quantity of gas adsorbed and desorbed on the surface of the solid at a fixed temperature
(approximately 77K using nitrogen).

Six isotherms i.e. Type I-Type VI (Figure 3.1a) exist according to IUPAC classification
whereas, four types of hysteresis loops i.e. HI-H4 (Figure 3.1b) are also associated with the
mesoporous materials. The breakdown of the isotherms are as follows; microporous adsorbents
are classified as Type I, mesoporous adsorbents are of Types IV and V, and nonporous and
macroporous ones are classified as Types II, 11l and VI. The standardized BET technique is based
on the idea that, a gas condenses at a relative partial pressure (P/Po) less than unity in a small size
pore (Satterfield, 1991; Sing et al. 1985; Sing et al. 2008; Broekhoff, 1979; Shields et al. 2004).
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Figure 3.1 Diagram of adsorption-desorption isotherms and some hysteresis loop; a) IUPAC
classification of adsorption-desorption isotherms (note the appearance of hysteresis in Types IV
and V), b) correlation between the pore shape plus adsorption-desorption isotherm (Sing et al.
2008).

3.1.1 BET sample analysis

BET- Micromeritics ASAP 2020 surface area and porosity analyzer was used to measure
the surface area and pore structure of the supports and catalysts used in this research. The pore size
distributions of samples were however obtained using the Barrett-Joyner-Halenda (BJH) model.
Prior to each analysis, 0.1 g of the sample was outgassed at 200 °C to a residual pressure of < 6.6
x 10 Pa for 4 hrs to get rid of moisture and adsorbed gases. Liquid nitrogen at 77 K was used for
the analysis. The relative pressure range used in calculating the surface area was between 0.05 and
0.35. Both the adsorption and desorption isotherm branches were considered in the analysis.

3.2 High resolution transmission electron microscopy (HRTEM)

High resolution transmission electron microscopy was employed to enlarge the original
object’s image in order to examine its external and internal structure. The advantage of using
HRTEM over light microscope is that, a detailed and clear information about the sample’s

microstructure can be provided. TEM provides information about the morphology (size and
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shape), topography and composition of samples. Usually, HRTEM analysis involves the use of a
focused beam of electrons to examine a sample and project an image. Additionally, its
magnification and resolution (~ 0.1 - 1 nm) are higher than an optical microscope due to the lower
wavelength of radiation for electrons.

3.2.1 HRTEM sample analysis

The morphology of support and catalyst samples were determined using a JEOL 2011
scanning transmission electron microscope (STEM). An accelerating voltage of 200 keV was used
in operating the instrument. In preparation for HRTEM analysis, all support and catalyst samples
were ground before analysis in order to reduce their size to a fine size for electrons to be transmitted
through the resulting thin particle thickness (~100-200 nm). Following this, the homogenous fine
powder was sonicated in ethanol before dipping a 200-mesh holey carbon-coated TEM support
grid into the resulting solution to stick samples on the grid for analysis. 5-10 representative images

were captured at low to high magnification ranging from 20 — 250 k times magnification.

3.3 Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy is the preferred technique used in collecting infrared absorption or
emission spectrum of a sample (solid, liquid or gas). It is used to identify chemical compounds
and chemical bonds in a molecule. FTIR is therefore a very useful tool in detecting functional
groups. After a sample has been exposed to infrared radiation, some of the radiation is transmitted
through the sample whereas some is absorbed. High-spectral-resolution data are thereby collected
over a wide spectral range based on the resulting signal at the detector. The infrared spectrum then
gives a fingerprint information of the sample with absorption peaks representing molecular
vibrational frequencies that make up the sample material. Due to the uniqueness of the combination
of atoms present in each specific material or compound, FTIR analysis of different materials
produces different infrared spectra that relates to the different materials being analyzed. The basic
theory about this technique is that light is absorbed by most molecules in the infra-red region of
the electromagnetic spectrum, and this absorption is exactly linked to bonds present in the
molecule. In infrared absorption spectroscopy the spectral range of 4000-400 cm™ is frequently
used since, most organic compounds and inorganic ions have absorption radiations that falls within
this region (Lynch, 2003; Berthomieu and Hienerwadel, 2009).
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3.3.1 FTIR sample analysis
The presence of functional groups in CNH samples was determined using Spectrum GX

FTIR spectrometer from Perkin Elmer Inc. Both as-synthesized CNH and acid-treated CNH
samples were analyzed. The instrument has a mid-IR Kbr beamsplitter. Sample analysis with FTIR
was done using the potassium bromide (KBR) pellet method hence, it was required that each
respective sample and KBR was ground and mixed in an agate mortar at the onset of the analysis.
The finely pulverized mixture was then pelletized using a hydraulic press to make sample disc for
the analysis. Thereafter, the prepared disc was transferred and placed in the instrument for analysis.
All analysis was run at room temperature and the spectrum covered a range of 400 to 4000 cm*
with a total of 32 scans at spectral resolution of 4 cm™. FTIR absorption spectra were measured in

the transmittance mode.

3.4 Pyridine Fourier transform infrared spectroscopy (Py-FTIR)

Infrared (IR) spectroscopy in the form of Py-FTIR method is also used in heterogenous
catalysis to examine the characteristics of the acid sites that occur on the surface of the catalyst for
reactions. Two types of acid sites exist i.e. Lewis acid sites where the acid sites accept electrons,
as well as a Bronsted acid sites where a proton is donated to an unsaturated hydrocarbon from the
acid sites. Py-FTIR method uses a gaseous base molecule (pyridine) to be adsorbed on the
catalyst’s surface acid sites for identification. This method provides a strong measure of the acid
strength since, the conditions of the catalyst under study is close to reaction conditions. Basic probe
molecules are of two types i.e. weak and strong probe molecules. Examples of weakly probe
molecules that are used for detection of the solid catalyst strongest acid sites include ethylene,
H>S, deuterated acetonitrile and carbon monoxide (CO). Although protonation does not usually
occur with these molecules, they are able to form species associated with hydrogen bonding.
Ammonia, pyridine, 2, 6-dimethyl-pyridine and tri-methyl-pyridine are the most frequently used
strong basic probe molecules (Satterfield, 1991; Lynch, 2003; Knozinger 1993).

The advantage of using Pyridine (CsHsN) (pKg = 8.8) over 2, 6-dimethyl-pyridine is that
it has dual functionality and thus, capable of adsorbing on both Lewis and Bronsted acid sites. As
a result, the catalysts acid-base complex type is specifically identified. 2, 6 -dimethyl pyridine
hardly differentiates the different types of Lewis acid sites present. Moreover, the bands ascribed

to Lewis acidity when 2, 6 -dimethyl pyridine is used are linked with some physically adsorbed

43



species or hydrogen bonds and therefore it is not possible to associate the 1599 cm™ band to just a
Lewis acid site. Also, the location of Lewis acid sites as well as steric hindrance by methyl groups
adjacent to the nitrogen atom on 2, 6 -dimethyl pyridine inhibits the formation of coordination
complexes on the catalyst surface. Adsorption of 2, 6 —dimethyl pyridine is highly dependent on
the solid surface topography. The drawback with NHz is that its strong basicity makes it possible
for NHz to form very strong bonds with a variety of sites. By so doing, NHz cannot be used
specifically as a probe molecule because, it might not usually provide the ideal properties needed
for surface acidity studies. Pyridine forms coordinated pyL species on Lewis acid sites whereas,
pyridinium ions, pyH" are formed on protonic sites. For, enhanced diffusion of the probe on small-
sized channel surfaces, pyridine adsorption should be conducted at 150 °C rather than ambient
temperature (Lynch, 2003; Healy, 1989; Zecchina et al. 1998; Knonzinger, 1993; Barzetti et al.
1996).

3.4.1 Pyridine FTIR sample analysis

The objective of utilizing pyridine adsorbed FTIR analysis on the catalysts was to ascertain
the nature of its existing acid properties (i.e. Lewis and/or Bronsted type acid sites). As a first step
of the analysis, a catalyst sample (0.1 g) was dried in an oven overnight at 110 °C. Thereafter, 50
pL of pyridine was used to soak the resulting product, before heating for 30 minutes at 150 °C.
Pyridine-adsorbed IR spectra were then recorded with the aid of a Perkin-Elmer type
spectrophotometer. The FTIR analysis was conducted at a resolution of 8 cm™ and the frequency

range of choice was from 400 to 4000 cm™.

3.5 Raman spectroscopy

Raman spectroscopy technique is useful for studying carbon materials and is dependent on
inelastic scattering of monochromatic light that originates from a laser source. Usually, the
interaction of a sample (gas, liquid or solid) with monochromatic radiation causes the incident
light to interact with the sample in various ways. This is because the incident light can either be
scattered, absorbed or reflected. In the case of the light that is scattered, if all the incident light is
scattered by the sample then there is no energy difference and the wave number is the same. This
form of scattering is said to be elastic and is known as Rayleigh scattering. On the other hand,

another form of scattering occurs which is denoted as inelastic scattering. For inelastic scattering,
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there is some difference in energy or change in wavenumber between the incident light and the
scattered light. This inelastic scattering is termed Raman scattering or Raman effect (Keresztury,
2006; Brumbah and Sharma, 2016). The energy diagram in Figure 3.2 shows an illustration of the
Rayleigh and Raman scattering process. From this diagram, as the incident light from
monochromatic radiation interacts with a molecule, it distorts the cloud of electrons in the vicinity
of the molecule to a virtual state. Due to the instability of this state, the photon quickly re-emits as
scattered light. It is worth knowing that, the frequency of the reemitted photons can be shifted
down or up relative to the original monochromatic frequency.

For Rayleigh scattering, the electron falls back to the original ground level after being
excited from the ground state. This brings about no change in energy hence, both the Rayleigh
scattered light and the incident light have the same energy. However, Raman scattering is in two
parts i.e. Stokes Raman scattering and anti-Stokes Raman scattering. For Stokes Raman scattering,
the electrons fall to a vibrational level after being excited from the ground level. The result is that
the molecule absorb energy and therefore the energy of Stokes Raman scattered light is less than
the incident light. Less energy is equivalent to longer wavelength. Contrarily to this, the anti-
Stokes Raman scattering describes the process whereby the electron is exited from the vibrational
level and falls back to the ground level. Energy transfer therefore takes place to the scattered
photon and the anti-Stokes Raman scattered light consequently has more energy (shorter
wavelength) compared to the incident light (Tu and Chang 2012; Keresztury, 2006; Brumbah and
Sharma, 2016).
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Figure 3.2 Energy diagram illustration of Rayleigh and Raman scattering (Tu and Chang, 2012).
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Additionally, Raman scattering is known to occur as a result of coupling between the
vibrational energy levels of molecules and incident radiation. The key effect of a Raman active
vibration mode is that it should have the ability to change the polarizability of the molecules it
encounters. Polarizability is dependent on the nature of bonds and molecular vibration. An
observable peak in a Raman spectrum therefore originates from, a specific molecular or lattice
vibration. The position of the peak is, attributed to vibrational modes of specific molecular
functional group in the sample. The shape or width of the Raman peak can determine if there is
little or much crystallinity in the sample. Presence of residual stress in the crystal can be estimated
based on the direction and the difference in shift of the Raman peak. A shift in peak position would
be observed from similar vibrational modes as a result of the influence of the close environment
surrounding the functional group. Information regarding rotational, vibrational, and low frequency
transitions in molecules can be obtained from this shift. The resulting Raman spectrum obtained
after analysis also gives a distinct chemical fingerprint pertaining to a specific molecule or
material, and therefore is a quick way of identifying materials or distinguishing one material from
the other. Unlike light which is characterized by wavelength, wavenumber is preferably used in
Raman spectroscopy because of its linear relation with energy hence, the resulting Raman
spectrum becomes independent of excitation energy (Brumbah and Sharma, 2016; Tu and Chang,
2012; Cancado et al. 2006; Keresztury, 2006).

3.5.1 Raman spectroscopy sample analysis

Raman spectroscopy is an important tool used for characterizing carbon nanoparticles as a
result of its sensitivity in detecting nanostructured materials (Jorio, 2012). Thus, the identity and/or
quality of carbon nanomaterial (CNH, OCPs and CNT) samples used for this research was
validated with Raman spectroscopy. A Renishaw inVia Raman Microscope equipped with WIiRE
3.3 software was used to perform the analysis. An argon (green) ion laser was also used at a laser
excitation wavelength of 514 nm with a corresponding line grating of 1800 L/mm. Spectra
measurements were taken using a 20x objective lens, and a laser power set to 100% allowed 3.6
mW of laser to be impinged on the sample under investigation. The laser spot size was about 1-2
um, and an exposure time of 10 s was applied. Spectrum measurements within the range of 150-

3500 cm were examined for each sample. During analysis, the focus was mainly on the D and G
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prominent band. The D to G band intensity ratio (Io/lg) is also used to access the quality of carbon

nanomaterial.

3.6 X-ray diffraction (XRD)

XRD analysis is used to obtain information about a cell structure geometry as well as to
identify the crystalline phase of a material. X-rays are produced from a cathode ray tube after a
filament had been heated to create electrons. The generated X-rays are usually filtered to obtain
monochromatic radiation, and then concentrated using a collimator before, they are used to
bombard a targeted sample prepared for analysis. The incident x-ray on the sample may either be
transmitted (by following its original path) or be scattered by electrons around the atoms of the
material. All atoms along the X-ray beam path scatter X-rays, and constructive interference with
a peak in intensity occurs when the diffracted patterns are in phase. This effect results in well
defined X-ray beams exiting the sample at various angles. Most importantly, for this constructive

interference and diffracted ray to occur, Braggs Law must be satisfied and is given by the relation:

nA = 2dsin® ....3.0
where:
n=integer (1,2, 3...... ), L =wavelength, d = distance between atomic planes in the crystal
lattice and 6 = angle of diffraction (Epp, 2016; Cullity and Stock 2001).

The diffracted X-rays that occur are detected, collected and processed. Possible diffraction
patterns can also be obtained by using a range of 2 (theta) angles to scan through the samples.
Additionally, to enable material identification, the diffraction peaks are converted to d-spacing and
compared with standard reference patterns since, each material has its specific d-spacing or unique
“fingerprint” of the available crystals in the sample. X-ray diffraction can also be used to determine
the average crystallite size in a catalyst sample by using the Debye-Scherrer equation given

below:

091
~ BCosH

o3

where;
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A= wavelength of the incident X-ray (1.5418 A), B = full width at half maximum for the
maximum intensity peak (radians) and 6 = angle at which the most intense peak occurs
(Jeseentharani et al. 2018). Additionally, from XRD, the degree of crystallinity can be calculated
by integrating all the area under the peaks and calculating the ratio of the total area of crystalline
peaks to the total area of all (both crystalline and broad) peaks (Murthy and Minor 1990). The
equation below can be used (Murthy and Minor, 1990).

total area of crystalline peaks

% Crystallinity = w.3.2
% Crystallinity total area of all peaks (crystalline and amorphous)

3.6.1 XRD sample analysis

Wide and low angles XRD patterns were acquired using a Bruker D8 Advance powder X-
ray diffractometer with CuKa radiation (A = 0.1541 nm) to ascertain the structure, crystallinity and
phase of the catalysts. The instrument was operated under a Bragg-Brentano configuration, and
also had a LynxEye detector plus a Ge monochromator which enables x-rays to be diffracted and
focused. XRD power source was run at 30 mA and 40 kV. Smooth catalyst powdered samples
(approximately 0.25 g) were analyzed after loading and pressing in a sample holder. Low angle
X-ray diffraction scans were collected from 1.5° to 10° at a step time and 2 theta (0) step size of 2
seconds and 0.02, respectively. Wide angle diffraction data were also collected at 20 ranges of 10-
80° at a scanning rate of 0.05°/scan. The peaks that were present were identified with the aid of
known Joint Committee on Powder Diffraction Standards (JCPDS) patterns to determine the type

of chemical compound or elements available in the samples.

3.7 Thermogravimetric analysis (TGA)

TGA was used to study the thermal stability and behaviour of a sample (e,g. catalyst). TGA
is a form of quantitative analysis whereby mass variation measurements of a heat-treated sample
are taken in order to study the physical, chemical or physico-chemical property of the sample. A
controlled environment is usually used, and the weight variations are measured as the temperature
changes over time. The temperature variation of a heat-treated sample can also be obtained by
differential thermal analysis (DTA). DTA measurements are made possible by comparing the

variation in temperature of a reference material with that of the sample under equal treatment
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conditions. Thermal effects data on the heated samples can be obtained after analysis, and DTA
analysis also helps to determine whether the thermal behaviour is either exothermic or

endothermic.

3.7.1 TGA sample analysis

TA Q500 series instrument with simultaneous thermogravimetry (TGA) / differential
scanning calorimeter (DSC) application was used to determine the thermal stabilities of samples.
About 15 mg of the sample to be analyzed was put in platinum-HT pans and subjected to heat from
room temperature to 700 °C at 10 °C/minute ramp rate, and under nitrogen flow rate of 60 ml/min.

The weight loss of samples as a function of temperature was evaluated using the analyzer.

3.8 Boehm titration

Surface properties of carbon materials can be affected by elements like oxygen (O2) present
on the surface. In aqueous solution carbon can also exhibit either acidic or basic behaviour. An
established correlation exists between pH, and the oxygen content on carbon. Thus, higher oxygen
content on carbon had been attributed to acidic surface groups with cation exchange properties
whilst, low oxygen content on carbon are due to basic surface properties with anion exchange
properties (Boehm, 1994; Studebaker, 1957). Usually, formation of surface oxides using liquid
oxidants results in acidic surface properties that are due to the presence of lactones or lactols,
carboxyl, and phenolic type hydroxyl groups. These groups have varying acidities and therefore
can be differentiated by neutralizing with 0.05N of sodium carbonate (Na.COs), sodium
bicarbonate (NaHCO3) as well as sodium hydroxide (NaOH), respectively. A simple procedure
therefore involves, agitating the carbon with the respective base in excess, and determination of
the excess using, back titration at the end of equilibration (Boehm, 2002; Scheibe et al. 2010). The
quantity of acidic functional group present is calculated based on the knowledge that; carboxylic,
phenolic and lactonic groups are neutralized by NaOH, carboxylic groups are only neutralized with
NaHCOg, and carboxylic and lactonic groups are neutralized by Na.CO3 (Boehm 2002; Boehm
2004; Scheibe et al. 2010).
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3.8.1 Boehm titration analysis

Boehm titration method was utilized to evaluate the concentration of acidic character
surface groups. Determination of the acidic strength of carboxylic acid groups, required addition
of 25 mL of 0.05 N sodium bicarbonate (NaHCO3) to 0.2 g of functionalized CNH samples (90A
CNH_30 min) contained in a vial. The vial and its content were sealed, and then transferred onto
a shaker device (VWR orbital shaker incubator) to enable 24 hr continuous mixing under
mechanical agitation. This was done at room temperature and after completion of this duration,
the resulting solution was filtered and then, 5 ml of each filtrate was pipetted and titrated against
0.05N HCI using methyl orange indicator. The quantity of carboxylic acid groups that reacted with
NaHCOs was calculated based on the volume of HCI consumed (Boehm, 1964; Scheibe et al.
2010; Boehm 2002).

3.9 CO chemisorption

CO chemisorption is a quantitative method that can be used to evaluate the number of
surface-active sites that are available to enhance catalytic chemical reactions. This process is
selective, and therefore allows certain probe molecules (e.g. CO and Hz) to be chemisorbed on
some adsorbents to cause significant interaction. Chemisorption studies can be conducted under
conditions of pressure and temperature as a result of the formation of a monolayer on the metal
surface. During chemisorption, a chemical reaction takes place between the active phase and the
gas molecule that involves the sharing or transfer of electrons. Chemisorption may be associative
or dissociative depending on the probe molecule and temperature. Additionally, the bonding could
be linear or bridged although in most cases linear bonding is noted. Besides the percentage metal
dispersion, chemisorption also aids in determining the average crystallite size of a supported metal
catalyst. Metal dispersion can be defined as the ratio of the entire number of metal atoms that are
available to the adsorbate species on the surface of the metal to the entire number of metal atoms
present in the sample. Hence in its simplest term, metal dispersion (D) can be defined by Equation
3.3. CO chemisorption can be used to study the effects of catalyst loss, catalyst agglomeration and
poisoning on the overall rate of reaction based on the number of active sites present for CO
chemisorption. (Karakaya and Deutschmann, 2012; Lynch 2003; Satterfield, 1991).
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D = Ilz—i ....3.3
where;

Ng = entire number of metal atoms that are on the surface and Ny = entire number of
metal atoms (both bulk and surface) (Bergeret and Gallezot, 2008).

For bimetallic catalysts, the percentage metal dispersion can be calculated as follows:

UM _ 1 V xSFcalc 3.4
*Mbisp = 52414* * Wt. fract. Mo N wt. fract. Ni T
WAtomic,Mo WAtomic,Ni
where;

%Mpisp = percentage metal dispersion, SFcalc = calculated stoichiometry factor,
Watomic, mo = atomic weight of first metal, Mo (g/mole), Wyiomic, ni = atomic weight of second
metal, Ni (g/mole), V = volume intercept that was obtained from the line of best fit to the
differences in volume between the selected points of the first analysis and the repeated analysis
(cm®/g STP), *The volume occupied by one mole of gas (cm® STP/mole of gas) (Micromeritics
ASAP 2020 Chemi Manual, Appendix C).

In catalysis, particles are within the size range of 10 to 10> m. Particles such as zeolites,
carbon, Raney metals are termed grains and their size is greater than 10°® m. However smaller
particles that are less than 2 nm are normally referred to as nanoparticles, clusters (oxides, metals),
aggregates (metals). A small single crystal is termed crystallite, and one or more crystallites forms
a particle. Dispersion and average size of metal particles are two main parameters often used to
characterize the catalyst (Bergeret and Gallezot, 2008; Borodzinski and Bonarowska, 1997).

The average diameter (nm) of the crystallites (assumption-spherical) is given by the

equation:

....3.5

where;

M = metallic surface area (m?/g), p = the specific mass of the metal (g/cm?), (Lynch, 2003).
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3.9.1 CO chemisorption analysis

CO chemisorption analysis was conducted using an ASAP 2020 micrometrics instrument,
and the goal was to calculate the percentage metal dispersion in relation to carbon monoxide uptake
measured on each catalyst. Once, 0.1 g of the sample had been mounted on the instrument analysis
port, an initial pre-treatment step was done at 110 °C for 60 minutes to get rid of the presence of
moisture in the sample. After this step, 2 hours in situ reduction of sample at 350 °C under
hydrogen (H.) flow was allowed before, cooling to 35 °C. The resulting sample was evacuated
after less than 1.3 x 10 Pa static pressure had been reached. CO chemisorption analysis then
proceeded, and this involved measuring the total CO uptake at 35 °C after CO pulses had passed
over the sample. The percentage metal dispersion of the available active metals that could interact

with the adsorbate was then calculated.

3.10 Temperature programmed reduction (TPR)

The reducibility of the catalyst as a function of temperature and degree of oxidation can be
determined using TPR. During reduction, hydrogen is added to the compound or oxygen is
removed from the compound. Hz-reduction is vital since, the catalyst becomes activated for
reaction(s) (Gervasini, 2013). Reducibility of the catalyst creates oxygen vacancies around the
metal particle to aid with reactions. Use of a TPR technique allows reducibility studies on the
catalyst to be conducted in real time by, closely monitoring the consumption of a reducing gas
such as H» or CO on the catalyst as a linear heat program method is being applied (Gervasini 2013;
Stagg-Williams et al. 2000; Brito and Laine, 1989). Thus, hydrogen consumption as a function of
temperature is studied in TPR. The technique is also sensitive to chemical changes caused by the
presence of a support or catalyst promoter. The extent of reduction can be evaluated by measuring
the hydrogen content (composition) of the reducing gas mixture exiting the reactor, and the area
under the peak is used to evaluate the entire amount of hydrogen consumed as well as in calculating
the degree of reduction and average oxidation state of the catalyst at the end of reduction
(Gervasini, 2013; Lynch, 2003).

3.10.1 TPR sample analysis
H»-temperature programmed reduction (H2 — TPR) analysis was conducted in a TPD/TPR

Quantachrome AutosorbiQ (USA) equipment to evaluate how the reducibility of the metal species
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in the catalyst behaves. The analysis progressed after a catalyst sample (0.1 g) placed in a U-shape
quartz sample tube had been purged for an hour using helium (He) at 400 °C. This was done to
eliminate traces of impurities present on the catalyst surface. Following this, cooling of the sample
to room temperature proceeded by passing He. Then, TPR analysis was conducted at a ramp rate
of 10 °C/min from room temperature to 800 °C with a 3 % H2/N2 (v/v) reducing gas mixture at 30
ml/min flow rate. TPR profiles of hydrogen consumption during analysis were recorded with the
aid of a thermal conductivity detector, and an online data acquisition system was used in logging
the TPR plots. Usually, an integration of the peak area under the concentration versus temperature
gives the total amount of hydrogen consumed, and the amplitude of each peak is proportional to
the rate of reaction (Chen et al. 2016; Gervasini, 2013).

3.11 Nitrogen-Sulfur (NS) analyzer

The total nitrogen and sulfur in the liquid hydrocarbon petroleum products were examined
with an Antek nitrogen/sulfur analyzer (i.e. Antek Model 9000 NS Combustion analyzer with
additional 4 modules. The sulfur concentrations in the hydrotreated liquid samples and feed were
analyzed based on the combustion/fluorescence technique in agreement with ASTM 5463 standard
procedure. On the other hand, the ASTM D4629 method which is dependent on a
combustion/chemiluminescence technique was used to analyze the total nitrogen concentrations
in the feedstock and hydrotreated liquid products. For both N and S analysis, an instrumental error
of approximately = 3% was recorded which was based on, the calibration and analyzation of

standard solutions with known compositions.

3.11.1 N-S sample analysis

NS analysis was done in order to find out about the concentrations of both S and N in gas
oil. Treated and untreated light and heavy oil samples were analyzed after diluting with xylene.
For light and heavy gas oils prior to analysis approximately 7 and 3 drops, respectively of oil
sample was mixed with 1000 uL of xylene, respectively. The weights of the drops were taken
before diluting with xylene so that, the weight measurements could be used for further calculations
relating to sulfur and nitrogen conversions. A mixture of argon carrier gas and an inlet oxygen gas
are flowed into a pyrolysis tube where liquid samples are injected, exposed and treated to heat.

Thus, at the onset of N-S procedure, the prepared oil samples are exposed to a high combustion
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temperature (~1050 degrees C) to allow oxidation to take place. More oxygen gas is also routed to
the pyrolysis tube to ensure that complete combustion and oxidation of entire sample matrix is
attained.

Due to the oxidation reaction, any nitrogen and sulfur found in the sample are converted to
their oxide form (mainly, nitric oxides and, sulfur dioxide respectively). The nitric oxide species
that are formed are then contacted with ozone (Os) from an ozone generator inside the Antek
9000NS to form, meta-stable nitrogen dioxide (NO2) species. Decay of these meta-stable NO-
species causes a photon of light to be emitted and detected by a photomultiplier tube that is
integrated within the setup at certain wavelengths. This resulting chemiluminescence emission is
specifically for nitrogen and is related to the original amount of nitrogen that exist in the sample.
In the case of sulfur analysis, the oxidized sulfur species (SO-) gets exposed to UV radiation of a
certain wavelength, and this results in the UV radiation being absorbed and some electrons shifting
to high energy levels. A fall back of the electrons to their original state releases the extra energy
in the form of photons of light which is detectable at specific wavelengths by another
photomultiplier tube integrated within the setup. In this situation, the emission type is fluorescence
and is specific to sulfur, and proportion to the amount of sulfur in the original sample.

Equations 3.5, 3.6, 3.7 (Antek, 1998) are summarized descriptions of the basic chemistry

that governs N-S operation.

R—N+R-S+ 0,- CO,+ H,0+NO*+ S0, ....3.6
NO*+ 03 - NO, x+ 0, - NO, + hv ....3.7
S0, + hv - S0, + hv' ....3.8

At the end of the analysis, percentage nitrogen and sulfur conversion can be calculated using the

equation below:

Ci,Feed - Ci,Product

% Conversion = x100% ....39

Ci.Feed

where;
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Ci reea aNd C; proquce= Nitrogen or sulfur concentrations in feed and hydrotreated liquid

products, respectively.

3.12 X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) is a type of characterization technique that uses X-
rays to investigate the structure of materials (solids and liquids). XAS permits the study of local
structure of the desired element without any interference from water or air, and XAS also
characterizes the environment and chemical nature of atoms in molecules. Two methods fall under
XAS i.e. X-ray absorption near-edge structure (XANES) as well as extended X-ray absorption fine
structure (EXAFS). Usually for an element, XAS evaluates the energy-dependent fine structure of
the X-ray absorption coefficient close to the absorption edge. In XANES analysis, the metal
transitions from core electronic states to excited electronic states i.e. lowest unoccupied molecular
orbital (LUMO) are measured whereas, EXAFS involves measurements from core electronic states
to the continuum or free state. This occurs because, at energies that are higher than the LUMO
level, X-Ray absorption provides enough energy to release electron (ionize) from the absorbing
atom (Yano and Yachandra, 2009; Koningsberger and Prins, 1988; Teo, 1986).

The XANES region provides information concerning the oxidation state, and coordination
chemistry (tetrahedral or octahedral) or the metal atom local site symmetry whereas, the EXAFS
region can be used to quantitatively determine the local structure (e.g. bond distance, number, type
of neighbor) of the element or molecule due to, its sensitivity to the radial distribution of electron
density around the absorber atom. Structurally, XANES and EXAFS methods both compliment
each other because, the XANES spectra reports the metal site’s electronic structure and symmetry
whereas, EXAFS reports numbers, types, and distances to neighboring atoms and ligands from the
absorber atom (Yano and Yachandra, 2009; Teo, 1986; Koningsberger and Prins, 1988). A desired
X-ray energy is used based on the specific element that needs to be probed. X-ray absorption
spectra of any atomic or molecular material are identified by sudden increases in absorption at
specific X-ray photon energies typical of the absorbing element. The abrupt increases in absorption
are known as absorption edges and are associated with the energy that is needed to eject a core
electron into either the LUMO or continuum to produce a photoelectron. K-edge absorption
discontinuity refers to instances where the photoelectron is from a 1s core level, whereas L-edge

absorption discontinuity refers to absorption discontinuity where ionization is either from 2s or 2p.
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For simplicity purposes, X-ray absorption spectrum measurements only measures incident
and transmitted X-ray flux. Thus, for an X-ray of intensity I, incident on a sample, the extent of
absorption is dependent on the sample thickness, t and photon energy, E and based on Beer-

Lambert’s Law the transmitted intensity, I;can be estimated as follows:

I(t) = I,e #B)X ....3.10
where;
u (E) = energy-dependent x-ray absorption coefficient.

Figure 3.3 shows an illustration of the regions of a XAS spectrum (Penner-Hahn, 2003).

XANES EXAFS

-

Y

Absorption

Energy (e V)

Figure 3.3 Diagram showing the regions of an X-ray absorption spectrum (Penner-Hahn, 2003).

3.12.1 XAS sample analysis

X-ray absorption spectroscopy (XAS) experiments were used to investigate NiMo/y-Al>Os,
NiMo/CNH, and NiMo/OCPs catalysts using the Hard X-ray Microanalysis Beamline (HXMA-
061D-1) at, the University of Saskatchewan’s Canadian Light Source (CLS) in Canada. CLS is
among the first of third generation synchrotron facilities and its storage ring runs at 250 mA
injection current and 2.9 GeV electron energy. The HXMA beamline consisted of Rh-coated
upstream collimating and downstream focusing mirror with a split aperture of 0.55 mm as well as,

an internal Kohzu double-crystal Si (220) monochromator. Detuning of the second
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monochromator was paramount to allow 50% of the fully tuned beam intensity by suppressing any
high harmonics in the beam. All experiments were conducted under ambient conditions, and in
preparation for the XAS experiments, 200 mg of finely ground sample powder of each respective
catalyst was packed into a Teflon ® sample holder having a thickness of 0.5 mm with a sample
window of 20 mm x 4 mm. A Kapton ® tape was also used to keep the prepared sample secured
before any XAS analysis. XAS data were also collected on these reference compounds (i.e. pure
Ammonium heptamolybdate [(NH4)sM07024.4H20], Na:MoOs, and MoOz) to assist in
characterizing the Mo bonding environment in the catalysts. Prior to the XAS experiment, boron
nitride was used to dilute each of the reference compounds before they were put into the sample
holders. Additionally, standard nitrogen gas filled ionization chamber (IC) detectors were used in
acquiring Mo K-edge XAS measurements in transmission mode from, -200 to +800 eV close to
the Mo K-edge (20,000 eV). For both the X-ray absorption near edge spectroscopy (XANES) and
extended X-ray absorption fine structure (EXAFS) regions, the monochromator step size was
reduced to 0.4 eV and 0.05 A, respectively. 3 XAS scans were acquired for each catalyst sample
whereas, 2 XAS scans were acquired for each of the reference compounds. Averaging of these
repeated XAS scans were taken into consideration to increase the signal-to-noise ratio. For energy
calibration purposes, reference Mo foil spectra were simultaneously collected for each spectrum
during data analysis.

The Demeter suite (ATHENA & ARTEMIS) of XAS data analysis package aided with the
data reduction as well as analyses of Mo K-edge XAS data for the various reference compounds
and catalysts. Data reduction was accomplished using ATHENA, and this included the standard
energy calibration procedures, background subtraction, per atom normalization, multiple scans
averaging, and extraction for EXAFS analysis. The EXAFS oscillations were extracted in
ATHENA using AUTOBK algorithm with a cut-off of Rbkg = 1 and k-weight = 3 before, Fourier
transformation. By using the Hanning window and a k-range of about 2 - 12 A", the radial structure
function (RSF) in R-space (A) was produced after the k- weighted y(k) function (x(k)k®) in k-
space (A1) had been Fourier transformed (FT) (Das et al. 2016; Ravel and Newville, 2005).
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CHAPTER 4

Maximization of Carbon Nanohorns Production via the Arc-discharge Method for
Hydrotreating
Most of the content in this chapter have been published in, Journal of Nanoscience and

Nanotechnology and the citation is; Aryee, E.; Dalai, A. K.; Adjaye, J. “Maximization of Carbon
Nanohorns Production via the arc discharge method for hydrotreating application” Journal of
Nanoscience and Nanotechnology, 17 (2017) 4784 — 4791.

Excerpts of this study were presented at the following conferences:

> E.Aryee, A. K. Dalai, J. Adjaye, “Synthesis and characterization of carbon nanohorns for

nd
hydrotreating of gas oils,” Oral presentation at 62 Canadian Chemical Engineering
Conference, Vancouver, British Columbia, Canada, October 14-17, 2012.

» E. Aryee, A. K. Dalai, J. Adjaye, “Synthesis and characterization of carbon nanohorns for

th
hydrotreating of gas oils,” Oral presentation at 245 American Chemical Society

Conference, New Orleans, United States, April 7-11, 2013.

Contributions to this phase of work

The Ph.D. candidate, Emma Aryee developed the experimental plan and synthesized all
CNH material used for this study. Emma Aryee also designed the arc-discharge setup and created
a standard operating procedure (SOP) for CNH synthesis via the arc-discharge technique. The
physical set up was built with the help of RLee Prokopishyn, who is an electrical technician in our
department. Occasional repairs and maintenance of arc discharge setup was done by RLee
Prokopishyn. All experiments, characterization, data processing, interpretation of results, writing
and revision of this manuscript were done by Emma Aryee. During the course of the work my
supervisors; Dr. A. K. Dalai and Dr. J. Adjaye critically reviewed experimental plan and results,
provided some guidance and suggestion during discussions. Drs. Dalai and Adjaye also reviewed
the manuscript and rebuttals prior to its final publication.
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Contribution of this chapter to the overall Ph.D. work

This phase of research comprises of building an arc-discharge set up and enhancing the
CNH generated from this technique for all CNH related hydrotreating experiments. Due to the low
yield of the generated CNH, the intent was to further determine the best process conditions that
would maximize CNH production. This chapter therefore give a better understanding about how
reaction (arc-discharge) conditions impact maximum CNH production. Information from this
study would also provide knowledge about whether variation of reaction condition affect the
physico-chemical properties of CNH. Ability to drastically enhance the yield would be beneficial
since, enough quantity of material would be available for the desired end use hydrotreating
application. Additionally, this would also provide some flexibility as to the number of experiments
to run to bring an idea into fruition or to back any experimental findings. Maximizing CNH
production would also enable researchers to prepare enough catalyst from the same batch for both
characterization and hydrotreating experiments. Consequently, this would be beneficial by
providing clearer interpretation of results since, the support material used in making the catalyst
would have similar properties from the onset. In that regard, the root cause of problems would also
be narrowed down during troubleshooting. Availability of enough material would also ensure that
experiments are run smoothly in a timely manner especially in the wake of unfortunate incidents

like catalyst deactivation.

4.1 Abstract

The submerged arc in liquid nitrogen method was used to produce carbon nanohorns
(CNH) for hydrotreating application. In this paper the effects of current, time and system design
modification were investigated to maximize CNH production. A current setting of 90 A was found
to be the best condition for CNH production. Additionally, CNH production was impacted by
processing time and design setup used in synthesizing the samples. For each batch, 0.12 g of CNH
was obtained for 30 mins of processing time. The properties of CNH were evaluated using
Brunauer - Emmett - Teller (BET) method, transmission electron microscopy (TEM), Fourier
transform infrared (FTIR), Raman Spectroscopy and X-ray diffraction (XRD). BET results
revealed mesoporous pore diameters for all pristine CNH samples under the different current (50
- 100 A) settings. Dahlia-like and budlike structures with aggregate diameters ranging from ~ 50 -

110 nm were observed in the TEM images. Although current and processing times were found to
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be two crucial parameters affecting the yield of CNH production, the entire equipment design was
a major key factor in improving the yield by being capable of retaining more CNH particles during

production.

4.2 Introduction

Manufacturing substantial quantities of carbon nanostructured materials for industrial and
research applications will provide the necessary flexibility as efforts are being made worldwide to
explore the use of nanotechnology in improving existing technologies and enhancing the
effectiveness of new application (Azami et al. 2008; Wang et al. 2007). Examples of carbon
nanostructured materials used in different applications include carbon nanohorns (CNH), carbon
nanotubes (CNT), and carbon nanofibers (CNF) (Sigurdson et al. 2009; Sano and Ukita, 2006;
Bessel et al. 2001). CNH can be produced by three main methods namely, laser ablation, arc
discharge and chemical vapor deposition (Li et al. 2009; Sano, 2004; lijima et al. 1999). Variables
that alter the production (quality, type, quantity, yield, production rate) of carbon nanostructured
materials include; current, electrode rod dimensions, catalyst (e.g. Fe, Co, Ni, Pt, Pd, Mo), gas
atmosphere (e.g. ambient air, argon, helium), gas pressure, liquid media (liquid nitrogen, water,
de-ionized water). The work of lijima et al. (1999) saw the emergence of a new carbon allotrope,
CNH of ~ 80 nm. No metal catalyst was used and the Nd: YAG laser type normally used for CNT
production was replaced with CO: laser. The yield and purity were 75% and 95% respectively and
the average production rate was 10 g/hr (Duncan et al. 2007; Sano, 2004; Yudasaka et al. 1999;
Maser et al. 1998).

Gang et al. (2007) reported that in an arc discharge method, the liquid medium in which
the arc was submerged influenced the type of carbon nanostructured materials produced. From
their work MWCNT of about 15 layers with 10 - 20 nm diameter was mostly formed by arc
discharge in de-ionized water using pure graphite rods as anode and cathode. Cobalt encapsulated
carbon onions were obtained using pure graphite anode rods in CoSO4 solution whereas, SWCNH
of 80 — 100 nm diameter were produced in liquid nitrogen medium. Li et al. (2009) used CVD to
produce multi-walled CNH of 40 - 50% purity with individual horn diameter and length of 20 nm
and 50 - 500 nm respectively. High; surface area, mechanical strength, thermal stability, thermal
conductivity, dispersibility, adsorption, porosity and electrical conductivity are properties that

renders CNH useful in many applications such as drug delivery, catalyst support, hydrogen
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storage, fuel cell, molecular sieves and field emission (Nakamura et al. 2011; Sano and Ukita,
2006; Ajima et al. 2005; Murata et al. 2002; Yoshitake et al. 2002; Nisha et al. 2000).
Hydrotreating of gas oil is an area that requires the use of a catalyst in upgrading the gas oil to
products containing less or no amount of sulfur, nitrogen, oxygen, metal atoms and other
contaminants. In addition, the process leads to the saturation of aromatics and unsaturated
hydrocarbons (Jarullah et al. 2011; Grange and Vanhaeren, 1997; Joo and Guin, 1996). Based on
the positive outcome of the use of CNH in the aforementioned applications, the main aim of our
work was in two folds: 1) to maximize CNH production in order to obtain substantial quantity for
catalyst development and use in hydrotreating experimental runs using a trickle bed reactor and 2)
to examine the unique properties of the CNH produced in order to determine the best synthesis
condition required to develop an ideal CNH catalyst for hydrotreating (an area which has not been
researched into). Current, time and system modification are the main parameters considered in this
work to increase CNH production (i.e. quality, quantity, yield, production rate) via the arc

discharge in liquid nitrogen method.

4.3 Experimental method
4.3.1 Production of CNH

The setup for production of CNH consisted of a 4.5 L Dewar flask (Fisher Scientific
Canada), DC power supply, ammeter, voltmeter, control box, baffles, and electrode rod holders
for both anode and cathode electrode rods (Figure 4.1). The electrode rod holders were made of
aluminum with a total length of 254 mm. The length and diameter of the anode electrode rod was
approximately 72.2 mm and 6.50 mm respectively whereas, that of the cathode electrode rod was
approximately 38.7 mm and 14.0 mm respectively. These electrodes made from graphite were
purchased from Mersen USA Greenville - MI Corp. (formerly Graphite Engineering & Sales Co.).
Due to the larger cathode diameter relative to the anode diameter, the cathode has a lower current
density than the anode (Arora and Sharma, 2014).

The arc discharge process was a batch process. In order to produce CNH, the two graphite
rods (i.e. anode and cathode rods) of 99.9% purity were submerged in ~ 2 liters of liquid nitrogen
and the distance between the two rods maintained at ~ 1 mm. An arc struck once the specific
current has been set and this led to vaporization of the anode tip due to the high temperature (>

4000 K) at the arc discharge zone where carbon materials sublime (Sano et al. 2008). Arc voltages
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ranging from 20 - 45 V were recorded. The products from the anode rod deposited on either the
cathode rod or into the Dewar flask containing liquid nitrogen. On completion of an arc discharge
experimental run, the entire contents of the Dewar flask were left for at least 12 hours (hrs) to
allow any remaining liquid nitrogen to evaporate prior to particle separation and collection.
Deionized water was then added to the product in the Dewar flask to facilitate natural segregation
of particles. Subsequently, the contents of the Dewar flask were emptied into a beaker where three
phases (floating, suspended, and settled) of particle separation were observed. The water and
particles in the beaker were allowed to stand for ~ 5 minutes (mins) before filtering out the floating
and suspended particles which were identified as CNH (Wang et al. 2004). Filtration of particles
was done using MF-Millipore membrane filters of 0.65 pum pore size (Millipore, Canada). Both
CNH samples and the settled particles in the beaker (denoted as other carbon particles, OCP), were
air dried for at least 24 hrs. Thereafter, particles were collected and stored in designated sample
vials. Current range of 20 — 100 A and process durations of 10 - 60 mins were investigated to
determine their effect on CNH production. Furthermore, the effect of a modified system was also
considered. This was done by extending the length of the electrode holders, h (Figure 4.1) from
approximately 152 mm to 254 mm and adding baffles with same external diameters but different
internal holes of diameters 4 and 8 mm. The baffles were made from FR4 fiber glass resin. Images

of the arc discharge set up and filtration station are displayed in Appendix A.
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Figure 4.1 Schematic of experimental setup for producing CNH.
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4. 4 Characterizations

Characterization techniques that were used to determine the physico-chemical properties
of CNH include; BET, HRTEM, FTIR, Raman Spectroscopy, XRD and TGA. Information about
these techniques and sample analysis procedures are reported in Chapter 3 of this thesis.

4.5 Results and discussion
4.5.1 Mass balance for arc discharge experiments

A typical mass balance for the arc discharge production of CNH using an arc current of 90
A is shown in Figure 4.2. It shows that after a pure graphite rod of about 4 g had been processed,
the yield of the OCP by-product is about 45 wt% more than the CNH material of interest. Upon
sieving this OCP by-product with US No. 60 standard sieve series, OCPs material of about 0.3 g
could be obtained that was also more than the CNH material of interest. The unaccounted particles
may have been lost through rapid turbulence or gasification as they are entrained by liquid nitrogen

gas bubbles and become extremely difficult to capture (Charinpanitkul et al. 2009).

Unaccounted quantity Unreacted Graphite rod
1.56¢ 0.76g
Graphite rod . .
L Arc Discharge Process O . 3
4.03g 0.13g | ¥
~3 wt%

OCP

1.58¢

~ 48 wt%

1.29g OCP,

.....

0.29g OCP;

Figure 4.2 Mass balance of the arc discharge process.
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The yield of each experimental run was calculated using Equation 4.1, which is based on
the initial weight (lw) of the anode rod before the start of experiment, final weight (Fw) of the
unconsumed anode rod at the end of the experiment and the weight (Xw) of CNH or OCP separated
and collected at the end of the run.

Yield = —*_ % 100% 41

w w

4.5.2 Effects of current setting on CNH production

Current settings in the range of 50 to 100 A were explored to study the effect of current on
the yield and production rate of CNH. All experiments under this section were conducted at a
constant anode rod length of 75 mm and process duration of 1 hr. The production rates were
therefore measured based on the weight of CNH or OCP separated and collected per hour of run.
Figure 4.3 shows a steady increase in yield as the current changed from 50 to 70 A. However, no
appreciable increase in yield was observed as the current was varied from 80 to 100 A.
Additionally, the yield increased to more than twice its value as higher currents (> 70 A) were

experimented.
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Figure 4.3 Effect of increasing current (50 A to 100 A) on the yield of CNH produced from an

arc-discharge experiment.
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The arcing period for all experiments carried out from 50 to 100 A was between 10 - 25
seconds. Increase in yield with increasing current is attributed to an increase in sublimation rate of
carbon atoms from the anode as current increases (Gang et al. 2007; Gattia et al. 2007). This
explains why experiments carried out at 20 A, 30 A and 40 A (results not shown) generated
virtually no particles despite a much longer arcing duration of 5 - 6 mins. It was observed that
beyond 70 A, although carbon nanoparticles formation was enhanced, the intensity of turbulence
in the system was also high. Thus, a lot of particles escaped the Dewar system in the form of a
plume or particles entrained by liquid nitrogen gas bubbles (Charinpanitkul et al. 2009). Overall,
a yield of no more than 3% CNH was obtained by changing the current from 50 A to 100 A. From
Figure 4.3, a minimum yield (~ 0.50%) was obtained at 50 A, and its equivalent production rate
was 0.018 g/hr. The lower temperature at the arc zone at lower current tends to lower the
evaporation rate of carbon from the anode and subsequent re-aggregation of CNH particle
formation (Sano et al. 2011; Zhao et al. 2011). Varying current also had impact on the time taken
to consume a rod. As such, the process duration decreased from 120 mins to 40 mins as current
increased from 50 A to 100 A. Gattia et al. (2007) also made a similar observation about the effect
of current on the process duration trend.

Results of repetitive experiments on the effect of current (i.e. 80 A, 90 A and 100 A) on
the yield (Figure 4.4) after the system had been modified by extending the electrodes rod holders
(h in Figure 4.0) from approximately 152 to 254 mm, and using a baffle with internal holes
diameter of 4 and 8 mm have also been reported in this section. These currents were chosen
because of their high CNH throughput as observed from Figure 4.2. Experiment using the 4 mm
internal holes baffle were discontinued after a few runs since it resulted in pressure build-up within
the Dewar flask accompanied by an explosive sound that subsequently disrupted the arc by
frequently quenching it as it struck. From Figure 4.4, increasing current from 80 A to 90 A resulted
in a slight increase in the yield but a drop in the yield occurred as the current was increased from
90 A to 100 A. More turbulence at higher temperatures results in particle loss. This explains why
the production rate increased from 80 A to 90 A, and then dropped as the current was further
increased from 90 A to 100 A. Extreme gasification at higher currents could also be a reason for
particle loss (Charinpanitkul et al. 2009). For clarification purposes, the results displayed in Figure
4.3 were obtained prior to setup modification (i.e. inclusion of baffle and extension of the anode

and cathode electrode rod holders) and at a different current setting.
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The experiments were run for 1 hr. The results showed that a current setting of 80 A gave
the highest yield. However, after setup modification had been completed repeating the experiments
on the 80 A, 90 A and 100 A current settings (Figure 4.4) showed that the yield was higher for the
CNH generated at 90 A. The production rate before and after setup modification for the 80 A
current setting was 0.090 g/hr and 0.095 g/hr respectively. The overall results from Figure 4.4
shows that a maximum CNH yield of 1.86% was achieved using a current setting of 90 A and this
resulted in an equivalent production rate of 0.13 g/hr. With the old setup the production rate was
0.075 g/hr at a current setting of 90 A therefore, system modification resulted in ~73% increase in
the production rate. Based on this, all subsequent arc discharge experiments for the remaining

phases of work were carried out using a current setting of 90 A.

2.5 -

HH

HH

% Yield CNH

0.5 -

30 90 100
Current (A)

Figure 4.4 Effects of baffle incorporation and extension of length of electrode rod at higher current
(80A, 90A and 100A) settings on the yield of CNH.

Setup modification did contribute to the increase in production rate because, with the
extension of the electrodes rod support holder, the Dewar flask had to be filled to ¥ of its volume
(unlike % of its volume with the old setup design) in order to keep the cathode and anode rod
adequately submerged in liquid nitrogen. The % filled Dewar therefore, created more space for
particles to condense on the Dewar wall and rods above the liquid nitrogen level and minimized

the possibility of losing floating particles that are, closer to the top of the Dewar flask and had
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greater potential of escaping as the flask was refilled with liquid nitrogen in the course of an
experiment. Incorporating a baffle helped in trapping particles into the system as the experiments

proceeded. Loss of CNH during particle generation was a challenge.

4.5.3 Effects of time on CNH production

The effect of time on the yield of CNH produced at a fixed current setting of 90 A is
presented in Figure 4.5. From Figure 4.5, a yield of about 2.5% was obtained after 10 mins
experimental run and this was more representative of the actual amount of CNH generated and

retained in the setup since the exit plume was clearer at this initial stage of run.
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Figure 4.5 Effect of increasing process duration (10 mins to 60 mins) on the yield of CNH

produced from arc-discharge experiment.

A decrease in CNH yield to about 2.1% was realized after increasing the run time from 10
to 15 mins. This is because as the run time was increased there was a greater probability of losing
particles in the plume or entrained by nitrogen gas bubbles as the Dewar flask was refilled.
However, at 30 mins run time though particle loss was also noticeable, this time frame was long
enough to retain some additional CNH within the system. The retention rate was more of a
contributing factor than particle loss for a run time of 30 mins. From 45 mins onwards, particle

loss then became a contributing factor than particle retention and this was obvious since the exiting
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plume became darker due to particle (carbon) enrichment. This observation is also supported by
the amount of particles that settled on the laboratory bench, fume hood wall and floor during and
after a run. Likewise, as shown in Table 4.1, the amount of CNH collected increased by 183% as
the processing time increased from 10 to 30 mins. On the other hand, there was a 9% decrease in
the quantity of CNH collected as the processing time increased from 30 to 45 mins. The method
used in collecting CNH after synthesis was consistent. The same weighing balance was used, and
the measurement procedure was also consistent regardless of the current settings. Difficulties and
fluctuations in the amount of CNH collected over time are attributed to the rate of particle retention

during the process.

Table 4.1 Effect of time on the
quantity of CNH produced.
Time (mins) CNH quantity (g)

10 0.04 +0.01
15 0.05+0.02
30 0.12 +0.02
45 0.11+0.03
60 0.13+0.03

Based on our results in Figure 4.4 and Table 4.1, a run time of 30 mins was found to be the
best condition for maximizing the yield of CNH. Also from Table 4.1, even though a process time
of 60 mins generated the maximum amount of CNH, it is ideal to run the experiment for 30 mins
since the quantity of CNH collected only increased by 12% for 60 mins and therefore, not too
significant as compared to the energy consumption and time spent when doubling the processing
time from 30 to 60 mins. The results presented thus far were based on the use of one Dewar flask.
Hence, the throughput of CNH was maximized again for hydrotreating application by increasing
the number of Dewar flasks to a total of 6 per day instead of the usual 1 flask/day. As such at these
best conditions, i.e. current setting of 90 A and 30 mins processing time per Dewar flask, at least
0.6 g/day CNH could be produced using six Dewar flasks. For further discussions, pristine CNH

are represented as: X CNH, where X denotes the current setting used in producing CNH.

4.5.4 Effect of current variation on morphology of CNH
Figure 4.6 (a) to (d) corresponds to low and high magnification TEM images of pristine

CNH produced at 70 A and 80 A. The TEM aggregate size of all pristine samples synthesized from
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50 to 100 A were in the range of 50 - 110 nm and were similar in morphology as those in Figure
4.5 (a) to (d). Both dahlia-like and bud-like CNH are revealed in the TEM images.

Figure 4.6 TEM of pristine CNH at; a) Low magnification synthesized at 70 A, b) High
magnification synthesized at 70 A, c) Low magnification synthesized at 80 A, d) High

magnification synthesized at 80 A.

4.5.5 Effect of current variation on textural properties of CNH

BET results of all pristine samples synthesized at various current (50 to 100 A) are shown
in Table 4.2, Figure 4.7, and Figure 4.8. From Table 4.2, it can be noted that all the samples
synthesized under current settings ranging from 50 to 100 A had mesoporous pore diameters
according to IUPAC pore diameter classification (Satterfield, 1991). It was also observed that as
the current increased from 50 to 90 A, there was a corresponding increase in the surface area and
pore volume. In the case of the pore diameter, synthesis at 50 A generated the minimum pore
diameter of ~ 17 nm. However, changing the current settings from 60 A to 80 A resulted in similar
pore diameters of about 19 nm. CNH generated at 90 A exhibited the highest pore diameter of

about 22 nm. Overall, the best textural properties (surface area, pore diameter, pore volume) for
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the pristine CNH was obtained at a current setting of 90 A. A drop in optimum properties was also

observed as the current increased from 90 A to 100 A.

Table 4.2 Textural properties of pristine CNH samples based on current
settings of (50 -100A).

Sample Surface Area (m?/g) Pore Diameter (nm) Pore Volume (cm?/g)
50A CNH 82+1 16.8+0.1 0.30£0.01
60A CNH 104 £1 18.7+0.1 0.40 £ 0.01
70A CNH 109+1 18.4+0.1 0.45+0.01
80A CNH 114+ 1 18.8+0.1 0.46 £0.01
90A CNH 126 + 1 22.2+0.1 0.61 +0.01
100A CNH 106 + 1 19.8+0.2 0.30 +0.02

All the pristine CNH samples showed Type IV isotherms with H3 hysteresis loop typical
of solids having mesopores diameters, and with aggregates forming pores like slits shape that are
non-uniform in size (Figure 4.7) (Sing et al. 1985). The isotherms for CNH produced at 60 A, 70
A, 80 A and 100 A closely overlap due to the similarity in surface area and pore diameter and
signified, almost similar adsorption capabilities under those current conditions. The isotherm
generated at 90 A had the highest adsorption capability thereby, confirming that the CNH samples
generated at 90 A have the best textural properties (e.g. higher surface area and pore diameter)
than the other samples. On the contrary, CNH samples generated at 50 A showed the lowest
adsorption capability in agreement with the lowest textural properties obtained for CNH generated
at 50 A.
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Figure 4.7 BET Isotherms of CNH synthesized at various currents; a) 90A, b-e) 60A, 70A, 80A,
100A, f) 50A.

Figure 4.8 displays the pore size distribution of CNH synthesized from 50 - 100 A. The
pore size distribution was narrower for CNH synthesized at higher currents (70 - 100 A) and was
in the range of 150 — 450 (A). The highest and lowest mesopore volumes were achieved with
current settings of 90 A and 50 A, respectively. CHN synthesized at 60 A exhibited broader pore
size distribution whereas a bimodal pore size distribution was obtained for CNH synthesized at the

lowest current setting of 50 A.
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Figure 4.8 Pore size distribution of CNH synthesized at various currents; a) 90A, b) 70A, c¢) 100A,
d) 80A, e) 60A, f) 50A.

4.5.6 Effect of current variation on thermal stability of CNH

TGA graphs of the pristine samples synthesized from 50 to 100 A were similar to the profile
in Figure 4.9 corresponding to CNH synthesized at 80 A, and the overall results indicated a total
weight loss of about 3% from room temperature (26 °C) to 400 °C. This agreed with literature
value which showed that CNH exhibits good thermal stability (Nisha, 2000). The initial weight
loss from 26 °C to 120 °C was due to evolution of OH groups. Reduction of weight up to about
120 °C was due to dehydration of water molecules that was physically adsorbed on the sample.
Beyond 120 °C, any weight loss is attributed to bonded OH group or impurities. Therefore, at
higher temperatures, loss of strongly bound water and OH occurred due to dehydration and/or
dehydroxylation. Physical, chemical, thermal and reaction stability can be evaluated using the
TGA (Che et al. 2011; Somanathan and Pandurangan, 2010, Hou, 2008).
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Figure 4.9 TGA analysis of pristine CNH synthesized at 80A.

4.5.7 FTIR analysis of CNH synthesized under different current conditions

The FTIR spectra of the pristine samples are shown in Figure 4.10. All the spectra were
similar regardless of current setting. The bands that appeared in each spectrum at 1330 - 1350 cm’
1 and 3550 — 3600 cm™ correspond to C-C and OH groups respectively. The band that appeared
around ~1600 cm™ was due to olefinic C=C bonds (Hussain et al. 2011; Stobinski et al. 2010). The
FTIR results imply that the chemical properties of CNH do not vary with change in current settings

during synthesis.
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Figure 4.10 FTIR analysis of pristine CNH synthesized at; a) 100A, b) 90A, c) 80A, d) 70A, e)
60A, f) 50A.

4.5.8 XRD analysis of CNH synthesized under different current conditions

XRD patterns of all the pristine samples generated in this study at varying current (50 to
100 A) setting were like the x-ray diffraction patterns for sample generated at 80 A (see Figure
4.11). The narrowness of the XRD peaks are characteristic of crystalline phases. The peak at 20 =
26°, 41° 42° and 56° is in close agreement with literature results and signifies well defined
graphitic structures which are still maintained regardless of the different current settings used to
produce CNH. This also confirms that CNH are made up of graphite structures that originates from
their single graphene sheet framework (Georgakilas et al. 2015; Li et al. 2009; Tao et al. 2007).
Usually, the powder XRD will be different among allotropes due to their different atomic
arrangement. Thus, the diffraction peaks for a densely packed sp® hybridized diamond
arrangement, would differ from that of a loosely packed sp? hybridized amorphous carbon within
certain ranges of 2theta. However, for the CNH produced under different currents and displayed
in Figure 4.11, the XRD diffraction patterns were the same since, the arc discharge method is a
physical process and all the CNH produced are made from a single graphenic layer (i.e. a simple
one atomic layer of graphite with an sp? bonded carbon atoms arrangement) (Georgakilas et al.
2015; Cullity and Stock, 2001). Hence for clarification, CNH are made of graphenic layer but not

covered with graphenic layer outside as can be misrepresented.
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Figure 4.11 XRD analysis of pristine CNH synthesized at 80A.

4.5.9 Raman spectroscopy analysis of CNH synthesized under different current conditions
The Raman spectra and defect evaluation results of CNH samples synthesized from 50 to
100 A is shown in Figure 4.12 and Table 4.2, respectively. From Figure 4.12, it can be observed
that all the samples reveal two prominent bands (i.e. D and G) that are characteristic of CNH. The
D band reflects the degree of disorderliness or defects in graphitic structures and occurs between
the wavenumbers of 1330 to 1380 cm™. The G band signifies the stretching mode of sp? graphite
bonds and occur between the wavenumbers of 1580 - 1600 cm™ (Tao et al. 2007; Cancado et al.

2006).
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Figure 4.12 Raman spectra of pristine CNH produced at different currents; a) 80A, b) 70A, c)
90A, d) 100A, e) 50A, f) 60A.

The specific D and G band values of each CNH samples produced at different current
settings and corresponding intensity ratio (Io/lg) of D to G band are shown in Table 4.3. The Ip/lc
ratio is typically used to quantify the quality of CNH samples and is therefore a suitable metric to
measure defects that occur as a result of functionalizing CNH during the catalyst preparation stage.
Table 4.3 results shows that CNH samples synthesized at 50 A have minimum defects compared
to CNH samples generated from 60 A to 100 A. This can be explained by the fact that the degree
of turbulence is not so rigorous at lower current settings of 50 A; hence, with such a stabilized arc
the chances of defects that accompanies sporadic arcs with less uniformity in particle nucleation
and growth reduces (Arora and Sharma, 2014; Charinpanitkul, 2009; Ghorui et al. 2006).
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Table 4.3 Examination of pristine CNH quality based on ID/IG ratio.
Samples Dband G band Ip Ie Io/le
50ACNH 1346+1 1585+1 851.76 £0.02 902.70 +0.02 0.94 +£0.02
60ACNH 1346+1 1586+1 579.03+0.02 582.03+0.02 0.99 +0.02
70ACNH 1343+1 1586+ 1 2635.76 + 0.02 2522.56 + 0.02 1.04 £ 0.02
80ACNH 1342+1 1588+ 1 4302.76 +0.02 3998.02 £ 0.02 1.08 + 0.02
90ACNH 1342+1 1587 +1 2864.82 +0.02 2817.56 + 0.02 1.02 + 0.02
100A CNH 1343+1 1588+1 1400.26+0.02 1300.80 + 0.02 1.08 + 0.02

4.6 Conclusions

CNH with aggregate diameter between 50 - 100 nm can be fabricated on a laboratory scale
using the arc discharge method. The quantity of CNH produced can be maximized by using 5- 6
more Dewar flasks at a current setting of 90 A and a shorter processing time of 30 mins for each
Dewar flask. This work demonstrates that in the arc discharge method for synthesis of CNH, there
are limitations on the current setting and processing time that can be used to generate substantial
amount of particles. (A case in point is that the maximum current setting of 100 A resulted in a
decrease in yield and production rate of CNH. In addition, there was no appreciable increase in
yield of CNH beyond a processing time of 30 mins). The quantity of CNH produced can be
improved by modifying the design of the reaction setup (e.g. inclusion of baffles and extension of
the length of electrodes support holder). Lack of uniformity of the arc between the two rods may
impact the uniformity of CNH production (quality, amount, yield, type). Change in current impacts
the textural properties, adsorption capabilities and pore size distribution as evidenced by the BET
results of CNH synthesized at 50 A and 90 A. Varying current tends to have an impact on
nucleation and growth of particles. The highest surface area, pore diameter and pore volume were
found to be 126 m?/g, 22 nm and 0.61 cm®/g respectively and were obtained using a current setting
of 90 A. Similarities in FTIR spectrum and XRD patterns irrespective of the current setting
provides empirical evidence that chemical properties of CNH do not vary with current. CNH also
maintain good thermal stability since the overall weight loss even at elevated temperatures of 450
°C was not more than 0.5%. The identity of CNH was confirmed by the presence of prominent D
and G bands. The Ip/lg ratios revealed that the defects in CNH as a result of the 5-member ring at
the tips of CNH are inevitable. The textural properties of CNH synthesized at 90 A are desirable

for use as catalyst support in hydrotreating applications.
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CHAPTER 5

Functionalization and Characterization of Carbon Nanohorns (CNH) for Hydrotreating of
Gas Ol
The content in this chapter was published in, Topics in Catalysis and the citation is; Aryee,

E.; Dalai, A. K.; Adjaye, J. “Functionalization and Characterization of Carbon Nanohorns (CNH)
for Hydrotreating of Gas Oils,” Topics in Catalysis, 2014, 57, 796 — 805.
A synopsis from this phase of work had been presented at these conferences:

» E. Aryee, A. K. Dalai, J. Adjaye, “Synthesis and characterization of carbon nanohorns for
hydrotreating of gas oils,” Oral presentation at 245" American Chemical Society
Conference, New Orleans, United States, April 7-11, 2013.

» E. Aryee, A. K. Dalai, J. Adjaye, “Hydrotreating of gas oils using other carbon particles
generated from arc discharge of pure graphite rods,” Oral presentation at 23™ Canadian

Symposium on Catalysis, Edmonton, Alberta, Canada, May 11-14, 2014.

Contributions to this phase of work

Choice of acid treatment method (liquid oxidation using HNOs) and conditions
(temperature, time or HNOs concentration) to vary was decided by the Ph.D. candidate, Emma
Aryee. Emma Aryee was also responsible for running acid treatment experiments, characterizing
solid and liquid samples, making catalysts, conducting hydrotreating experiments, processing all
data and interpreting results after critical reviews, suggestions and guidance from my supervisors;
Dr A.K. Dalai and Dr. J. Adjaye. Writing and revision of the manuscript for this phase of work
was done by Emma Aryee. Drs. Dalai and Adjaye reviewed the manuscript and rebuttals prior to

its final publication.
Contribution of this chapter to the overall Ph.D. work
The intent of this chapter was to add functionality to an otherwise inert CNH material in

order to create and increase the number of oxygen-containing surface sites for anchorage of metals.
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Functionalization procedure would therefore improve CNH properties. Additionally, this
would enhance the hydrophilicity and reactivity of CNH. As a result, the interior cavity of CNH
would become easily accessible for reactions during catalyst formulation and hydrotreating
experiments. Thus, the applicability of CNH in the area of hydrotreating would be tremendously
boosted. The end results from this phase would help to establish the best condition for
functionalizing CNH without damaging its structure. Subsequently, this best condition would
serve as a starting point in functionalizing all other carbon materials that would be used in this
research to achieve high HDS and HDN activity. Characterization of all functionalized CNH
would help to understand the physico-chemical properties of CNH under different acid treatment

conditions.

5.1 Abstract

Improvement in the functionality of carbon nanohorns (CNH), a novel carbon
nanomaterial, for hydrotreating applications is investigated in the present work. The current work
was carried out by using pristine CNH synthesized by the submerged arc in liquid nitrogen and
their corresponding physicochemical properties were investigated. The surface area, pore diameter
and pore volume of the pristine CNH are 129 m?/g, 23.1 nm, and 0.64 cm®(g respectively.
Functionalizing the CNH with 30 wt% HNO? under reflux for 15 min to 4 h at 110 °C modified
the physical and chemical properties. 30 min functionalization duration was found to be the best,
and a co-impregnation method was used to load Ni (2.5 wt%) and Mo (13 wt%) onto the support.
Techniques used to thoroughly characterize the properties of pristine CNH, functionalized CNH
and NiMo/CNH catalyst include: Brunauer-Emmett-Teller (BET), Fourier Transform Infrared
(FTIR) and Raman Spectroscopy. Type IV isotherm and mesoporous pore diameter was observed
for CNH in its pristine, functionalized or catalyst form. An increase in surface area of over 500
m?/g was also attained under optimum functionalized conditions. The pore volume of acid treated
CNH samples for hydrotreating increased by ~10 % as compared to the pore volume of the pristine
CNH. FTIR results revealed the presence of carboxylic acid (~COOH) groups on the
functionalized CNH and Ip/lg ratios from Raman spectroscopy was used to assess the increase in
defects (nanowindow) on functionalized CNH. Successful enhancement of CNH properties via

functionalization raises the prospect that CNH can be used as a catalyst support for hydrotreating.
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5.2 Introduction

Hydrotreating is a catalytic hydrogenation reaction that removes sulfur, nitrogen, oxygen,
metal atoms and unsaturated hydrocarbons from gas oils. Global scarcity in regular crudes and
high cost of oil supplies necessitates an upgrade via, hydrotreating of Athabasca bitumen which
contains heavier and higher amount of contaminants (e.g. 2 - 4 times higher amounts of sulfur,
nitrogen and aromatic compounds) for desired end products (Jarullah et al. 2011; Leliveld and
Eijsbouts, 2008; Valavarasu et al. 2003; Grange and Vanhaeren, 1997). One way of optimizing the
hydrotreating performance is to enhance the hydrotreating catalyst (e.g. carbon supported catalyst)
by fine tuning their porosity and chemical properties for a specific experimental goal (Ferdous et
al. 2006; Furimsky, 1998). To date, examples of carbon-supported material that have been used in
hydrotreating include activated carbon, carbon black, mesoporous carbon, carbon nanotubes
(CNT) (Hussain and 1hm, 2009; Sigurdson et al. 2009; Hynaux et al. 2007; Sano et al. 2004).

Pristine CNH are usually inert and hydrophobic. CNH is a porous nanocarbon material and
mainly consist of fully enclosed nanoscale spaces. The pores in aggregated CNH can also be
divided into two i.e. internanohorn and interstitial pores found between the tubes that make up the
nanohorn aggregate, and intrananohorn pores found inside the hollow interior spaces (i.e. spaces
behind the tip) of the individual tubes, and therefore available after nanowindows have been etched
on the surface via oxidation. The size and number of nanowindows are influenced by the oxidation
conditions (Krungleviciute et al. 2008; Ajima et al. 2004; Bekyarova et al. 2005; Yudasaka et al.
2008). Although CNH have hexagonal geometry which is similar to graphene, research shows that
the side wall, tip and bent sides of CNH consist of pentagonal and heptagonal rings that are major
defective sites on CNH and are therefore more likely to be opened at the onset of functionalization.
In terms of the pore size, a CNH aggregated structure consist of micropores and mesopores since
its interhorn wall distance of 0.4 nm is greater than the 0.335 nm interlayer spacing of graphite
(Ajima et al. 2004; Bekyarova et al. 2002; Murata et al. 2001; Lordi et al. 1999). Metals
impregnated on the support during catalyst formulation get deposited on the external walls as well
as the inside of the nanohorn tubes after going through the opened pores. High resolution TEM
images from some studies show clear details of the pores before and after metal deposition
(Krungleviciute et al. 2008; Ajima et al. 2004; Bekyarova et al. 2005; Yudasaka et al. 2008).

Functionalization of CNH can be accomplished through chemical oxidation. Examples

include gas phase oxidation (with air, O2, CO2 or Cly), liquid phase oxidation (by treating with

80



acids under reflux) and electrochemical oxidation. With gas phase oxidation, defect formation and
presence of functional groups are less pronounced compared with liquid oxidation. Thermal
oxidation can be carried out by oxidizing the CNH samples for 10 - 15 min at 350 - 700 °C at a
heating rate of 10 °C/min. In addition, thermal oxidation in CO> at higher temperatures (> 850—
900 °C) can reduce the oxygen content of nanotubular structures due to thermal decomposition
and evolution of oxygenated groups on CNH walls as the reaction proceeds (Bekyarova et al.
2003). Examples of commonly used oxidants in liquid oxidation are HNOgz, H2O2, HCIl and H2SOa.
Functionalization enhances the surface chemistry of CNH due to attachment of oxygenated groups
(-OH, —C=0 and-COOQOH) on CHN surfaces. Functionalization also improves the solubility of
CNH in aqueous and organic medium. Oxidized CNH are highly dispersed due to the hydrophilic
nature of the pore edges after functionalization, and as a result the adsorption rates become much
more pronounced when CNH are used in their highly dispersed state (Pagona et al. 2009; Hou et
al. 2008; Pagona et al. 2006; Bekyarova et al. 2002;)

Carbon nanohorns exhibit certain unique properties that make them useful in applications
such as hydrogen storage, drug delivery, fuel cell, and biosensors (Brandao and Passeira, 2011;
Liu et al. 2010; Ajima et al. 2005; Nisha et al. 2000). For instance, the high surface area (1006—
1464 m?/g), high pore volume (0.47—1.05 mL/g) and high nanospace porosity exhibited by CNH
make them useful in gas adsorption processes. CNH rough external structures coupled with its
inhomogeneous structure and inherent pores (i.e. internal and interstitial pores) renders CNH
beneficial when used as catalyst support (Yuge et al. 2012; Itoh et al. 2008; Utsumi et al. 2005;
Yang et al. 2004; Murata et al. 2001). Use of CNH as potential support for hydrotreating has
therefore garnered interest in this study since some of these unique properties possessed by CNH
may be beneficial for hydroprocessing application. This phase of work seeks to develop a novel
CNH support for hydrotreating of gas oils. The optimum liquid oxidation condition for

functionalizing pristine CNH support material is also investigated.

5.3 Experimental method
5.3.1 CNH functionalization, catalyst preparation and hydrotreating experiment

The pristine CNH support material used in the present work was synthesized at a constant
current setting of 90 A by using the submerged arc discharge in liquid nitrogen method (Aryee et

al. 2017). In order to improve the functional or surface properties of as-synthesized CNH, the
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pristine CNH samples were magnetically stirred in a flat bottom flask and oxidized using 7 M
HNO3 at 110 °C under reflux for 15, 30 min, 1, 2, and 4 h. After acid treatment, the resulting
solution was filtered and the residue was thoroughly rinsed with de-ionized water until a neutral
pH of filtrate was attained. Filtration of acid treated CNH samples was done using MF-Millipore
membrane filters of 1.2 um pore size (Millipore, Canada). The residue was then air dried for at
least 24 h before catalyst preparation and further characterization. Since all functionalized samples
were initially produced under a constant current setting of 90A, oxidized samples are denoted as
90A CNH_T where, T represents the time taken to functionalize the samples i.e. 15, 30 min, 1, 2
and 4 h.

To prepare the catalyst, co-incipient wetness impregnation method was used to disperse
2.5 wt% Ni and 13 wt% Mo onto CNH support from their respective aqueous metal precursor
solutions i.e. ammonium heptamolybdate [(NH4)6Mo070244H20] and nickel nitrate
[Ni(NO3)26H20]. The resulting impregnated sample was oven-dried at 110 °C for 5 h before
calcining it in a fine powdered form at 450 °C for 5 h. Calcination was done in a vertical furnace
under an argon flow of 50 mL/min. 5 mL of NiMo/CNH catalyst diluted with 12 mL of 90 mesh
size (SiC) was then loaded into a trickle-bed reactor (Figure 1.1). This packed combination of
diluted CNH catalyst and 90 mesh SiC (catalyst bed) was positioned in between layers of SiC
comprising of different mesh sizes at the top and bottom of the reactor. A precise loading pattern
is described in Chapter 1 of this thesis. The hydrotreating reactor was pressurized to 8.8 MPa, and
2.9 vol% butanethiol in straight run gas oil (VOLTESSO 35) was prepared as sulfiding feed
solution for the initial stage of the experiment. The reason for sulfidation of the catalyst after
catalyst preparation and calcination is that at this point, the catalyst exists in an oxide form and
therefore must be sulfided before the commencement of any hydrotreating experiments to make it
active to catalyze HDS and HDN reactions. Sulfidation also makes the catalyst selective to perform
their expected cuts. Thus, once the catalyst had been loaded into the reactor, 100 mL of the
sulfiding feed solution was used to wet the catalyst. The pre-wetted catalyst was initially sulfided
at 193 °C for 24 h such that, a liquid hourly space velocity (LHSV) of 2 h'* was achieved. A second
sulfidation step was carried out for another 24 h at a temperature and LHSV of 343 °C and 2 h%,
respectively. Following this second sulfidation period, the sulfiding solution feed was replaced

with the real gas oil feed (i.e. coker light gas oil also referred to as CLGO derived from Athabasca
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bitumen). The fully sulfided catalyst was then precoked with CLGO for 3 days at a temperature of
370 °C and a constant LHSV and pressure of 2 h™t and 8.8 MPa, respectively.

Hydrogen flow to the reactor was kept constant at 50 mL/min and a gas to oil ratio of 600
mL/mL was used. Hydrodesulfurization (HDS) and Hydrodenitrogenation (HDN) activity studies
at three different temperatures i.e. 370, 350 and 330 °C began as soon as the precoking duration
was completed. Each temperature study lasted 1.5 days. CLGO-hydrotreated samples were
collected every 12 h and a stabilization period of 12 h was also allowed in between the different
experimental conditions. Thus, samples were discarded at the end of the stabilization period to
ensure the next 12 h sample collection was processed at the desired set point. All samples collected
were stripped with nitrogen for 2 h to remove any dissolved ammonia and hydrogen sulfide.
Stripped hydrotreated liquid products were analyzed using an Antek 9000 NS analyzer to
determine the nitrogen and sulfur conversion. ASTM D4629 and ASTM D5463 methods were
used to analyze total nitrogen and sulfur content, respectively. Sulfur content analysis is based on

fluorescence whereas, the total nitrogen analysis is based on chemiluminescence.

5.4. Characterizations

In order to get a better understanding of the effect of functionalization on CNH properties
and their consequent effect on hydrotreating performance, acid treated and/or non-treated solid
samples, were analyzed using BET, HRTEM, FTIR, Raman spectroscopy, XRD, TGA and Boehm
titration. Treated and non-treated gas oil samples were also analyzed using an NS analyzer. A

summary of these techniques and sample analysis procedure are reported in Chapter 3 of this thesis.

5.5 Results and discussion
5.5.1 BET analysis of pristine and functionalized CNH and NiMo/CNH catalyst

The textural properties of pristine CNH, functionalized CNH and NiMo/CNH catalyst are
shown in Table 5.1. These results are based on three replicates. Compared to the pristine CNH
sample synthesized at 90A, a general observation from Table 5.1 shows that functionalization
results in an increase in surface area and a decrease in pore diameter. In addition, the pore volume
of functionalized samples could be less or more than the pristine sample depending on the
functionalization processing time. A close look at the surface area results in Table 5.1 shows that

a steady increase in surface area occurs as the functionalization time increased from 15 to 30 min
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however, increase in functionalization time from 1 to 4 h resulted in a steady decrease in the surface
area from the optimum value of 547 m?/g for samples treated at 30 min to 298 m?/g for samples
treated for 4 h. According to Murata et al. (2001) a drop in the surface area is attributed to the

appearance of nanosized voids that merge together to form macroscopic voids.

Table 5.1 Textural properties of pristine and functionalized CNH and NiMo/CNH catalyst.

Samples Surface Area (m?/g) Pore Diameter (hm) Pore Volume (cm?/g)
90A CNH 129+2 23.1+£0.1 0.64 £0.01
90A CNH_15min 448 + 2 14.7+0.2 0.78 £0.01
90A CNH_30min 547 + 2 12.3+£0.2 0.70 £ 0.01
90A CNH_1h 454 £+ 2 9.7+£0.2 0.41+£0.01
90A CNH_2h 399+ 2 9.7+£0.2 0.34+£0.01
90A CNH_4h 298 + 2 9.6+£0.1 0.26 £ 0.01
NiMo/CNH 445 £ 2 125%0.1 0.45+£0.01

In the case of the pore diameter there was a steady decrease in pore diameter as the
functionalization time increased from 15 min to 4 h. As evidence in Table 5.1, the pore volume of
the pristine CNH samples increased after 15 to 30 min of acid treatment but dropped significantly
as the acid treatment duration increased from 1 to 4 h. The steady drop in pore volume beyond
functionalization time of 1 h is attributed to the breaking of pore walls as a result of over oxidation
(Utsumi et al. 2005). This also supports the coalesced TEM images observed for samples treated
with acid for more than 1 h. The surface area and pore volume results of samples functionalized
for 15 and 30 min also agrees closely to literature reports that showed an enhanced surface area
and pore volume after functionalization due to the formation of nanowindows on the surfaces of
the acid treated CNH (Pagona et al. 2009; Utsumi et al. 2005). Increase in surface area as a result
of an enhanced nanowindows formation on CNH is expected since, the openings or windows make
it possible to access internal nanopores of CNH in addition to the interstitial pores and external
surface (Utsumi et al. 2005). Overall, mesoporous pore diameter was also observed for as-
synthesized CNH, functionalized CNH and NiMo/CNH catalyst. In Figure 5.1, the BET isotherms
of pristine CNH, functionalized CNH and NiMo/CNH catalyst reveal that all the isotherms are
Type IV which is consistent with mesoporous material with H3 hysteresis loop (Lynch 2003; Sing
et al. 1985). In general, N2 adsorption capacity of CNH was improved by acid treatment and, the
adsorbed amount by NiMo/CNH catalyst and CNH functionalized for 15 and 30 min were at least

thrice that of the pristine CNH sample as seen in Figure 5.2. This is because with acid treated
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samples, a remarkable increase in surface areas occurs and consequently, more surface area
becomes available for reactions. As such, increased surface area leads to an increase in the
adsorption capacity of the samples as evident from their isotherms having higher surface areas
than pristine CNH (Figure 5.2).
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Figure 5.1 BET Isotherms of; a) 90A CNH, b) 90A CNH_4 h, ¢ )90A CNH_2 h, d) 90A CNH_1
h, €) NiMo/CNH, f )90A CNH_30 min, g) 90A CNH_15 min.

Functionalized CNH samples also adsorb better than pristine CNH samples since their
pores are available once nanowindows have been created on the surfaces (Utsumi, et al. 2005).
The adsorption capacity of NiMo/CNH catalyst may drop due to an interaction (blocking) of the
metal precursors with the support. This explains why the adsorption isotherms for samples
functionalized for 15 and 30 min were higher than the NiMo/CNH catalyst (Itoh et al. 2008). The
shortness of the adsorption and desorption branch in P/Po regions beyond 0.8 for samples
functionalized for 1 to 4 h as compared with the results for the NiMo/CNH catalyst and CNH
samples functionalized for 15 and 30 min signifies structural changes associated with harsh acid
treatment as revealed by TEM image (see Figure 5.4c) (Bekyarova et al. 2002). From Figure 5.2,
the pore sizes of pristine CNH are bigger and have similar profile as that of the NiMo/CNH catalyst
and samples functionalized for 15 and 30 min. On the contrary, the pore sizes became

smaller/flatter with longer functionalization processing time (1-4 h) and therefore implies that
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some pores have collapsed as a result of prolonged acid treatment. This is also evident in the fused
TEM images of the acid treated samples (e.g. Figure 5.3c) (Utsumi et al. 2005; Murata et al. 2001).

1.2 A
L) 1 ]
o<t g
L0
mE 0.8 1 f
2
) e
g 0.6 1 d
=)
-
@ 0.4 1
[=]
A~ |
0.2 4| c
b
a
0 r r 3
0 500 1000 1500
Pore Diameter (A)

Figure 5.2 Pore size distribution of; a) 90A CNH_4 h, b) 90A CNH_2 h, ¢) 90A CNH_1 h, d)
NiMo/CNH catalyst, e) 90A CNH_30 min, f) 90A CNH_15 min, g) 90A CNH.

5.5.2 Morphology of pristine and functionalized CNH and NiMo/CNH catalyst

Common CNH assemblies such as budlike and dahlia-like CNH were seen in the TEM
images (see Figure 5.3a—€). From our results, an aggregated CNH size within the range of 50-110
nm was consistent with published results in literature (Yuge et al. 2007; Wang et al. 2004;
Yamaguchi et al. 2004; lijima et al. 1999). The TEM image represented in Figure 5.3c shows that
longer acid treatment duration causes the aggregated SWNH structure to coalesce after treatment
compared to the rest of the TEM images in Figure 5.3 that showed loose aggregated particles. The
presence of nanowindows on CNH as a result of acid treatment was not clearly visible from the
TEM images since the resolution was not strong enough to locate and capture these on CNH.
However, the occurrence of nanowindows on the surfaces of functionalized CNH and most
especially on the 15, and 30 min functionalized samples has already been established from an
enhancement of surface area and pore volume of those samples as well as the nature of their
isotherms as compared to the pristine samples. Figure 5.3d and e shows the presence of dark

clumped spots which were not present in the pristine sample (Figure 5.3a) and therefore suggest
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that Ni and Mo have been incorporated into 90A CNH_30 min support in a fairly disperse state
after impregnation of this support with the metal precursors of choice. Figure 5.3d and e shows
that some distinct aggregate shapes and sizes were still retained in NiMo/CNH catalyst prior to
hydrotreating, and this finding validates the results from other researchers who proved the
robustness of the horns and the inability to separate these individual horns (Azami et al. 2008;
lijima et al. 1999).

oxe .2

Figure 5.3 TEM images of; a) 90A CNH, b) 90A CNH_30 min, ¢) 90A CNH_1 h, d) NiMo/CNH

(low magnification), ¢) NiMo/CNH (high magnification).

5.5.3 Thermal stability of pristine and functionalized CNH and NiMo/CNH catalyst

Results of the thermal stability of pristine CNH, CNH functionalized for 30 min and
NiMo/CNH catalyst are shown in Figure 5.4. Overall, a total weight loss of less than 8 % was
obtained for all three samples. In addition, an initial weight loss from room temperature to
approximately 100 °C for all three samples ascribes to the evolution of physically adsorbed water
on the surfaces of respective CNH. Following this as evidenced by other researchers, a weight loss
at temperatures less than 400 °C for all three samples is due to the loss of amorphous carbon
whereas, residual graphitic structures are contributing factors to the weight loss at temperatures
greater or equal to 600 °C (Battiston et al. 2009; Azami et al. 2008; Utsumi et al. 2005).
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Figure 5.4 TGA analysis of; a) 90A CNH_30 min, b) 90A CNH and c¢) NiMo/CNH catalyst.

From Figure 5.4, it can be observed that there was a drastic drop in weight for the
NiMo/CNH sample at about 700 °C and this can be related to the findings from Bekyarova et al.
(2002) which showed that at higher temperatures of at least 700 °C, CNH was prone to burn-off
due to instability. For the NiMo/CNH catalyst, the drastic thermal degradation around 700 °C
could also be linked to deactivation by sintering, which causes a loss of catalytic activity as a result
of a loss of active surface area resulting from prolonged (> 500 °C) exposure to high-gas phase
temperatures. Loss of active surface area can be attributed to growth of metals deposited on the
support, support collapse, crystal agglomeration, clogging of pores inside the catalyst pellet or
surface recrystallization (Fogler, 2006; Bartholomew, 2001). In the case of the pristine and
functionalized CNH, no drastic weight loss as a result of sintering was observed around 700 °C.
Comparison of the thermal stability results of the samples shown in Figure 5.4 reveals that CNH
functionalized for 30 min exhibited the greatest weight loss and this suggests that the
functionalized samples have some oxygenated groups which get decomposed as time progresses
(Bekyarova et al. 2003). In (2004), Zhang et al. added that the thermal stability of acid treated
samples may decrease as the nitric acid processing time increases and this is possible because
higher nitric acid processing time or over oxidation already causes some degree of degradation in

CNH as confirmed by our BET results (e.g. collapse of pore walls at higher acid treatment duration)
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hence, with higher temperature heat treatment the tendency for degradation to worsen is also on
the ascendency. Thus, although the shape of the TGA graph for pristine and functionalized CNH
looks similar, the functionalized CNH experienced a greater weight loss due to decomposition of
oxygenated group as time progresses. In the case of the catalyst, drastic weight loss at around 700
°C was attributed to both, a burn-off of CNH due to instability and deactivation by sintering. TGA
of all the three samples shown in Figure 5.4 indicates that the thermal stability of NiMo/CNH
catalyst in a typical hydrotreater is practicable since the weight loss for NiMo/CNH catalyst was
less than 2.5 % at 450 °C compared to the 90A CNH (pristine) and 90A CNH_30 min
(functionalized) that showed weight losses of about 3.5 and 6.9 % respectively at 450 °C. Usually

for hydrotreating runs, operating temperatures do not exceed 425 °C.

5.5.4 XRD analysis of pristine CNH and NiMo/CNH catalyst

Broad angle X-ray diffractogram patterns of the pristine CNH and NiMo/CNH catalyst
samples are shown in Figure 5.5. For the 90A CNH sample shown in Figure 5.5b, a sharp peak at
two theta degree of approximately 26° is representative of a graphite (002) framework. The
existence of two other graphitic broad peaks were also confirmed at two theta degrees of 42° (100)
and 44° (101) (Battiston et al. 2009; Anderson et al. 1998). The presence of graphite is attributed
to the single layer of graphenic wall from which CNH are made of (Georgakilas et al. 2015; Ajima
et al. 2004).
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Figure 5.5 XRD analysis of; a) NiMo/CNH catalyst, b) 90A CNH.

From Figure 5.5a, a sharp peak on NiMo/CNH catalyst at approximately 26° but with much
lesser intensity than the same peak on pristine CNH (Figure 5.5b) indicates that MoOz have
superimposed the graphitic finger print resonating from the CNH support (Badoga et al. 2012). A
close look at Figure 5.5a shows a mixture of both crystalline and amorphous phase, and the
emergence of additional sharp peaks at 36° and 52° confirms a fair dispersion after NiO and MoO3
have been impregnated on the 90A CNHs_30 min support as already been observed from the TEM
images of the NiMo/CNH catalyst.

5.5.5 FTIR analysis of pristine and functionalized CNH

The FTIR spectra of pristine and functionalized samples are shown in Figure 5.6. From
these spectra since, the KBr pellet method was used, the band at 1,640 cm™ corresponds to water
that had been absorbed on the KBr. The spectra of functionalized samples show an additional —
C=0 band. The —C=0 band indicative of stretching vibration in carboxyl, ketones and aldehydes
groups emerged at 1,780 cm™. However, due to the appearance of a small peak at 1,420 cm™ the
band at 1,780 cm™* is more representative of carboxyl acid groups. From Boehm titration, the acid
strength of the carboxylic acid groups on the optimum functionalized support (90A CNHs_30 min)
surface was found to be 0.25 mmol/g. The FTIR spectra also shows a band at approximately 3,500

cm that signifies phenolic O—H stretching vibrations conjugated with —-C=0 whereas a band at
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about 1,270 cm™ is assigned to the bending modes of O—H (Teng and Tang, 2008; Xiao and
Thomas, 2004; Fanning and Vannice 1993). The presence of carboxylic acid groups on the
surfaces of functionalized CNH samples highlights our success in introducing oxygenated
functional groups at the defect sites of CNH, and this has already been proven based on our findings
from BET, TGA and Raman analyses.
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Figure 5.6 FTIR analysis of; a) 90A CNH_4 h, b) 90A CNH_15 min, c) 90A CNH_2 h, d) 90A
CNH_1 h, €) 90A CNH_30 min, f) 90A CNH.

5.5.6 Raman spectroscopy of pristine and functionalized CNH

From Figure 5.7, Raman spectroscopy results of both the pristine CNH sample and all
functionalized CNH samples showed two significant bands associated with CNH i.e. the D and G
bands which occurred between the wavelengths of 1,330-1,380 and 1,580-1,600 cm,
respectively however, specific D and G values for each sample are shown in Table 5.2. The D band
corresponds to the degree of disorderliness disorder (defects) in graphitic structures whereas, the
G band corresponds to the stretching mode of sp? graphite bonds. The presence of defects in
pristine and functionalized CNH was further elucidated by use of Raman spectroscopy. The
intensity ratio of the D band relative to the G band (Io/lg) signifies the presence of defective sites
in the graphitic carbon. Wen et al. (2010) reported that a value of about 0.91 confirms that the
surface of CNH has significant defect sites. An Ip/lg ratio of 0.97 for the 90A CNH sample
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validates the generality of the fact that CNH has defective sites (tips and bent areas) composed of
pentagonal and heptagonal rings as mentioned earlier (Aijima et al. 2004; Bekyarova et al. 2002;
Murata et al. 2001; Lordi et al. 1999). For each sample results in Table 5.2, the analysis was
conducted 3 times and repeatable results were obtained. The error margin for the D and G band

was * 2 whereas, that for the Ip and Ig was + 0.02.
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Figure 5.7 Raman spectra of pristine CNH produced at different currents; a) 90A CNH_1 h, b)
90A CNH, c) 90A CNH_2 h, d) 90A CNH_30 min, ) 90A CNH_4 h, f) 90A CNH_15 min.

However, the Ip/lc ratios increased to 1.20 and 1.41 when pristine CNH were
functionalized for 15 and 30 min respectively. This strongly suggests that significant defects
(nanowindows) occurred on pristine CNH at the optimum functionalization time of 30 min which
is important for catalyst development in hydrotreating application. From Table 5.2, compared to
the pristine CNH sample an increase (~18 %) in the Ip/lg ratio as the functionalization time
increased from 15 to 30 min indicates that the number of defects and consequently the presence of
functional groups occupying defective sites has increased with increasing functionalization time.
Increase in Ip/lg ratio with oxidation agrees with the findings made by Pagona et al. (2009) that,
an increase in defect occurs after oxidation treatment due to creation of defective sites that gets

occupied with carboxylic acid groups.
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Table 5.2 Examination of pristine and functionalized CNHs quality based

on Ip/lg ratio.

Samples D Band G Band Ip I Io/le
90A CNH 1340 1586 1879.12 1937.24 0.97
90A CNH_15min 1342 1590 3541.68 2951.77 1.20
90A CNH_30min 1344 1592 2243.02 1591.43 141
90A CNH_80°C_30min 1343 1595 2154.06 1659.40 1.30
90A _CNH_1h 1345 1591 5082.81 4969.48 1.02
90A_CNH_2h 1346 1596 1897.75 1793.57 1.06
90A CNH_4h 1349 1595 2571.27 2398.90 1.07

Contrary to the aforementioned observation for CNH functionalized for up to 30 min, the
In/le ratio for CNH functionalized for 1, 2, and 4 h were approximately 1.02, 1.06 and 1.07
respectively. This suggests that increasing functionalization time does not significantly increase
the amount of defects and/or oxygenated functional groups on CNH at all times and therefore,
supports our earlier findings from BET and TEM that over oxidation from 1 to 4 h have negative
impact on the pristine CNH e.g. collapse of pore walls, decrease in pore volume, decrease in
surface area and fusing of distinct CNH structures. From Table 5.2, it is likely that the pentagon
and heptagon rings at the tips and bent sites of pristine CNH mainly contributes to the defects
(Io/lg of ~1) exhibited by the 90A CNH_1 h, 90A CNH_2 h and 90A CNH_4 h samples and not

significant additional defects or nanowindows resulting from acid treatment.

5.5.7 Catalytic activity of NiMo/CNH catalyst

Figure 5.8 shows HDS and HDN results on our preliminary hydrotreating studies using the
novel NiMo/CNH catalyst with CLGO feed. Based on calibrations with standard solutions of
known composition, the instrumental error for both N and S analysis was +3%. From Figure 5.8,
the effect of different temperatures i.e. 370, 350, and 330 °C on the activity of the catalyst at a
constant LHSV of 2 h! shows that, in general, the HDS activity was always higher than the HDN
activity for each temperature under study. This is because nitrogen-based compounds in feedstock
poses bigger challenge in hydrotreating compared to sulfur-based compounds due to steric
hindrance, and the complexity of their kinetic and conversion (Zeuthen et al. 2001).
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Figure 5.8 HDN and HDS activities of NiMo/CNH catalyst using Bitumen derived LGO at various
temperatures. (Catalyst volume = 5¢cm3, P= 8.8 MPa LHSV = 2h't and Hy/oil ratio = 600 (v/v)).

In addition, clear observations show that for both HDN and HDS reactions the optimum
activity occurred at the highest temperature of 370 °C and decreased steadily as the temperature
decreased from 370 to 330 °C. Activity increases with temperature because, the stability of the
catalyst performance and effectiveness of HDS reaction are attained at high temperatures
(Stanislaus et al. 2010). Since the hydrotreating experiments were all performed using light gas oil
with less contaminant molecules as compared to heavy gas oil, these temperatures were selected
in order not to cause any hydrocracking as a result of excessive temperature.

From Figure 5.8, the HDS conversions at 370, 350, and 330 °C are; 80.9, 69.5, and 54.3
%. Similarly, the HDN conversions are 24.0, 19.2, and 10.8 %. This implies that the best HDS and
HDN conversions were found to be 80.9 and 24.0 %. These low HDS and HDN conversions may
be due to the low dispersion of Ni and Mo on the functionalized support as confirmed by the TEM
images of Figure 5.3d and e. Based on these preliminary results, the optimization of the metal
loading capacity on novel CNH support, pelletization of CNH for hydrotreating and the effect of

operating conditions on HDS and HDN reactions will be further investigated.
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5.6 Conclusions

The textural properties of pristine CNH can be improved by acid treatment as evident from
samples functionalized with 30wt % of HNOs for 30 min. Samples produced at the optimum
functionalization condition exhibited a surface area of 547 m?/g, pore diameter of 12.3 nm and
pore volume of 0.70 cm®/g. In comparison to pristine CNH samples, ~ 320 % increase in surface
area and ~10 %increase in pore volume was achieved for the optimum 90A CNH_30 min sample.
The optimum functionalization condition resulted in ~ 46 % drop in pore diameter as compared
with the pristine samples. Higher acid treatment duration (> 1 h) causes a reduction in textural
properties of CNH and fusing of CNH as confirmed by the BET, TEM, and Raman results. FTIR
analysis showed that oxygenated functional groups such as carboxylic acid groups are introduced
onto the surface of pristine CNH after acid treatment based on the occurrence of a band at
approximately 1,780 cm™ in the FTIR spectra of all functionalized samples. Raman spectroscopy
showed prominent D band at 1,340-1,350 cm™ and G band at 1,580-1,600 cm™. For all the
functionalized samples, the intensity of the D band was higher than the G band. Functionalization
introduced defects on the samples as evident from the high Ip/lg ratio of 1.41 at the optimum acid
treatment condition. CNH can be successfully functionalized by liquid oxidation. Characterization
results of the optimum functionalized CNH shows unique desirable properties for hydrotreating.
Effect of temperature on HDS and HDN activity shows a higher HDS activity at all temperatures
under study compared with HDN activities. The optimum HDN and HDS occurred at 370 °C and
were found to be 80.9 and 24.0 % respectively.
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CHAPTER 6

Comparative Studies of Carbon Nanomaterial and Gamma-alumina as Supports for Ni-Mo

Catalyst in Hydrotreating of Gas Oils

Majority of the content of the chapter has been submitted to the journal, Fuel. The author’s
information are as follows; Aryee, E.; Essilfie-Dughan, J.; Dalai, A.K.; Adjaye, J. “Comparative
Studies of Carbon Nanomaterial and Gamma-alumina as Supports for Ni-Mo Catalyst in
Hydrotreating of Gas Oils” (submitted for publication).

Some content of this phase of work had been presented at these conferences:
» E. Aryee, A. K. Dalai, J. Adjaye, "Comparative studies of carbon nanohorns and other
carbon particles as supports for Ni-Mo in hydrotreating of gas oils," Poster presentation at

Oil Sands, 2014, Edmonton, Alberta, Canada, April 28 — 30, 2014.

> E.Aryee, A. K. Dalai, J. Adjaye, “Hydrotreating of gas oils using other carbon particles

generated from arc discharge of pure graphite rods," Oral presentation at 23rd Canadian
Symposium on Catalysis, Edmonton, Alberta, Canada, May 11-14, 2014.

» E. Aryee, A.K. Dalai, J. Adjaye, "Comparative studies of carbon nanohorns and other
carbon particles as support for Ni-Mo in hydrotreating of gas oils," Oral presentation at

24th Canadian Symposium on Catalysis, Ottawa, Ontario, Canada, May 8-11, 2016.

Contributions to this phase of work

Emma Aryee, the Ph.D. candidate prepared and characterized five different support
materials that were used in making catalyst under this phase. Emma Aryee designed the
experimental plan for this study, and executed all work including; functionalization of different
carbon supports, synthesis of various catalysts, loading and unloading of hydrotreating reactors,
hydrotreating experiments, characterization of catalysts and liquid samples, data processing and
results interpretation. Emma Aryee wrote the manuscript, worked on some rebuttals prior to the

submission of manuscript to Fuel. All CLS work (XAS experiments and data processing) were
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carried out by Dr. J. Essilfie-Dughan however, for the benefit of each other Emma Aryee and Dr.
J. Essilfie-Dughan occasionally had discussions as the data were being processed. My supervisors
Dr A. K. Dalai and Dr. J. Adjaye monitored the progress of this study, critically reviewed the
experimental plan and findings, and provided guidance and suggestions when necessary.
Additionally, Dr. A. K. Dalai and Dr. J. Adjaye reviewed the manuscript and rebuttals before
submission. Dr. J. Essilfie-Dughan also provided valuable information for the XAS part of the

document and reviewed that section as well.

Contribution of this chapter to the overall Ph.D. work

The chapter aimed at investigating how different carbon-supported catalysts and gamma-
alumina-supported catalyst influence hydrotreating performance. This chapter would provide
information and an improved understanding of the properties of various carbon-supported
catalysts, and how their properties vary from the traditional gamma-alumina catalyst. This chapter
would clarify the different behaviours of carbon-supported and gamma alumina-supported
catalysts towards achieving higher hydrotreating performance. As such, knowledge would be
gained about the influence of various supports on hydrotreating. The results from this study would
help to determine the type of carbon material that should be selected as a support for further

research, pilot study or commercial hydrotreating application.

6.1 Abstract

Carbon nanohorns (CNH), other carbon particles (OCP), fine fractions of other carbon
particles (OCPy), carbon nanotubes (CNT) and gamma-alumina (y-Al203) were utilized as support
materials for Ni-Mo catalyst in this study to; test the influence of the support on hydrotreating
efficiency using real feed, and identify the cause of disparity in activity from these various catalyst
supports. OCP and OCPs are the main by-products obtained during the production of CNH. The
influence of the support on the hydrotreating catalyst are significant and include enhancement of;
textural properties, active phase dispersion and catalyst reducibility. Among all the carbon-
supported catalysts used, the NiMo/CNH catalyst exhibited outstanding physico-chemical
properties and as such its catalytic activity dominated that of NiMo/OCPs, NiMo/OCP, and
NiMo/CNT catalysts. The pore volume, pore diameter and surface area of NiMo/CNH catalyst

was 0.42 cm®/g, 10.9 nm and 350 m?/g respectively. The percentage metal dispersion of
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NiMo/CNH catalyst was also 8.0% and was about twice that of NiMo/OCPs and NiMo/CNT
catalysts. XAS analysis confirmed that the carbon-supported catalysts exhibited a distorted
octahedral Mo coordination environment whereas, the NiMo/y-Al>Os catalyst exhibited a
tetrahedral Mo coordination environment. Hydrotreating activities of all the different-supported

catalysts with light gas oil are also presented in this study.

6.2 Introduction

Oil refineries worldwide are constantly being challenged to hydrotreat petroleum fractions
and residues that are characterized by high contaminants such as nitrogen, sulfur, aromatics,
asphaltenes and metals into valuable liquid products that can meet tighter environmental
regulations, and the demand for high quality cleaner fuels. In the US and Canada, the current
environmental regulation is aimed at limiting the amount of sulfur in diesel oils to less than 15
ppm whereas, in EU this limit is set to less than 10 ppm. Due to this, a significant improvement in
the hydrotreating process is required to meet these environmental regulations. As a result,
refineries are therefore seeking a highly active hydrotreating catalyst that can be used to achieve
deep hydrodesulfurization (HDS) of diesel feed to ultra-low-level sulfur. Factors that mainly affect
the hydrotreating process include; the type of catalyst, feed, and hydrodynamics of the system (Al-
Dalamaet al. 2011; HARTENERGY, 2014; Ancheyta et al. 2005). Since the typical hydrotreating
catalyst comprises of active metals, promoters and a support, a more active and stable catalyst can
be developed further by: varying the support, using different impregnation methods during catalyst
preparation, improving the active metal components on the support, using secondary additives,
and tuning the catalyst acidity (Yao et al. 2012; Al-Dalama and Stanislaus, 2011; Okamoto et al.
2003; Satterfield, 1991).

Based on the preceding information, the focus of this study is to investigate how a new
hydrotreating catalyst support, and precisely carbon-based support would impact hydrotreating
activities. The type of catalyst support used can result in a tremendous impact on HDS and
hydrodenitrogenation (HDN) activities since, the textural properties of the support can determine
how desirable the catalyst porosity and surface area are for enhanced hydrotreating effect.
Additionally, depending on the type of support used there is the ability to control the metal-
support-interaction that consequently influences the stabilization and dispersion of metallic

particles on the support as well as the extent to which catalytic centers are reduced (Lynch, 2003;
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Acres, 1980). The support also affects the promotional effect on the catalyst by changing the
allowable number of promoted atoms at its edges, and this directly controls the promoted site
energetics. (Ancheyta et al. 2005; Okamoto et al. 2003; Prins et al. 1997). Commercially, the
preferable support used in industry for HDS of sulfur compounds is y-Al>Os. However, the
downside of using gamma alumina is that, extensive research has shown that during the initial
stages of catalyst preparation, a strong interaction occurs between the support and metallic
precursors which makes it difficult for the supported metal oxides to undergo complete sulfidation
(Carrier et al. 1997; Vissers et al. 1987). This drawback in complete sulfidation eventually has a
negative effect on hydrotreating since, a sulfided catalyst in its active form may likely have oxides
that might prevent it from working at its fullest potential. Metal-support-interaction have a
significant impact on HDS efficiency, and moderate metal-support-interaction is normally favored
(Xia et al. 2017).

Other than the conventional y-Al.Oz support, the use of alternative supports such as carbon,
titania, silica, silica-alumina and zirconia have gained a lot of research attention not only because
they have been proven to yield outstanding hydrotreating performances but also because, the use
of these alternative support (especially carbon) will circumvent the major challenge encountered
with y-Al.Oz support (Sakanishi et al. 2000; Martin-Gulléon et al. 1993; Luck, 1991; Segawa et al.
1990). To buttress this point, in (1976) de Beer and his group demonstrated that by using different
supported metal sulfides the HDS catalytic activity for thiophene increased in this order; alumina
<silica<carbon. Research work by Boahene, (2017) related to the conversion of syngas to higher
alcohols also showed that use of CNH as a catalyst support resulted in higher conversion than that
of ordered mesoporous carbon, CNT, OCPsand OCP. A study by Vissers et al. (1987) also revealed
that Mo/C catalyst demonstrated a higher activity than Mo/Al>Oz due to the structural phases that
occurred after sulfidation as well as the interaction between the various support and the phases
(Vissers etal. 1987; Duchet et al. 1983; deBeer et al. 1976). The interest in the use of carbon-based
support for this study sparked off because carbon; is ubiquitous in nature, not prone to nitrogen
poisoning and possesses high surface area, controlled pore volume and size. Improved selectivity
plus activity with less coke formation can be attained by using a carbon-supported catalyst in
hydrotreating. Other benefits of carbon-supported catalyst include; the tendency to modify the
surface chemistry and porosity for a suitable application, and the ability to exclusively conduct

extensive structural studies on the effect of active metals on hydrotreating due to the inert nature

99



of carbon (Ancheyta et al. 2005; Sakanishi et al. 2000; Rodriguez-Reinoso et al. 1998; Martin-
Gullon et al. 1993; deBeer et al. 1984; Duchet et al. 1983). Therefore, this present work is aimed
at comparing the performances of different carbon catalysts versus gamma-alumina catalyst in
hydrotreating, and to decipher the influence of the catalysts physico-chemical properties on

hydrotreating activities of light gas oil (LGO).

6.3 Experimental method
6 3.1 Catalyst preparations and hydrotreating experiments

The CNH and OCP carbon-supports used in this study were simultaneously generated from
the arc discharge process and these supports were distinguished based on a filtration process after
an arc discharge experiment. A current setting of 90 A was used and detailed information about
the experimental setup and reaction conditions have been previously reported (Aryee et al. 2017).
US No. 50 standard sieve series which corresponds to 300-micron average particle diameter was
used to set the cut-off for OCPs (i.e. fine fraction of OCP) support. CNT was purchased from U.S.
Research Nanomaterials Inc. whereas y-Al.O3zwas purchased from Alfa Aesar. All carbon supports
were functionalized by means of nitric acid (HNO3) to, create oxidized functional groups on the
surfaces of the carbon supports for better anchorage of metals and enhanced hydrophilicity during
catalyst preparation. The reflux time for functionalization was 30 mins (Aryee et al. 2014; Wang
et al. 2010). Functionalization of y-Al.O3 was not required since, y-Al.O3 has excellent surface
properties (acidic and basic sites, hydroxyl groups (Al-OH) and oxide groups (Al-O)) that aids
with reactions or metal impregnation (Digne et al. 2004; Satterfield 1991).

A co-incipient wetness impregnation method with aqueous solution of nickel nitrate
[Ni(NOz3)2.6H20] and ammonium heptamolybdate [(NH4)eM07024.4H>0] was used in preparing
the different NiMo catalysts. For all the supported-NiMo catalysts, Ni and Mo concentrations were
kept constant at 2.5 wt % and 13 wt % respectively. The resulting wet catalysts were placed in an
oven to dry overnight at 110 °C prior to getting calcined. A vertical furnace conditioned at 450 °C
for 5 hours under 50 ml/min argon flow was used in calcining all carbon catalysts whereas; the
gamma-alumina supported catalyst was subjected to 5 hours calcination treatment at 550 °C. A
diluted combination consisting of 5 ml of each calcined catalyst and approximately 12 ml silicon
carbide was alternately packed into a micro scale trickle bed hydrotreator in 10 parts (1/10™) before

the commencement of any activity test. On the average, 5 mL volume of catalyst was equivalent
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to approximately 4.00 g for y/Al2O3z, 2.20 g of CNH, 2.00 g of CNT, 3.00 g of OCP and 2.50 g of
OCPs.

For micro-reactors, use of this diluent proportion was paramount since, it averts problems
related to complete wetting of the catalyst, wall effect, liquid maldistribution and backmixing of
liquid that might occur by using such a small volume of catalyst. This dilution, therefore, leads to
maximization of hydrotreating performance in a trickle bed reactor and generates reasonable data
to test a commercial catalyst. Additionally, the top and bottom of the reactor was packed with
requisite quantity of silicon carbide and glass beads for proper mixing of inlet and exit streams
(Bej et al. 2001; Bej et al. 2000). After the reactor loading had been completed, the reactor was
pressurized with helium (He) at 9.3 MPa and left under the pressurized condition for 24-hours to
be clear of leakages. Two connecting scrubbers at the lower section of the reactor were also filled
with about 50 ml of deionized water to absorb traces of ammonium sulphide from the effluent
stream. After this step, the catalyst was wetted with approximately 100 ml of a mixture of 2.9 vol%
butanethiol in 500 ml of insulating oil (Voltesso 35). In situ activation of the catalyst then
proceeded using the existing butanethiol and insulating oil mixture. The sulfidation process was
carried out in two stages i.e. at 193 and 343 °C at an LHSV of 2 hr* for a period of 24 hours each.
After sulfidation, light gas was used as a substitute for the sulfiding solution and then stabilization
of the catalyst activity via precoking was done for 3 days at an LHSV of 2 hr'! before, proceeding
with the hydrotreating experiments. This LHSV was maintained throughout the hydrotreating
reaction. The gas (H.) to oil (LGO feed) ratio, and reactor operating pressure were maintained
constant at 600 mL/ml and 9.0 MPa, respectively. Liquid hydrotreated products collected from a
gas-liquid separator were stripped using nitrogen (N2) for 2 hours to eliminate traces of hydrogen
sulphide and ammonia that had been absorbed. The effects of temperature (330 - 370 °C) on the
nitrogen and sulfur content of liquid products were examined using Antek 9000 NS analyzer based
on a combustion-chemiluminescence or combustion-fluorescence technique, and in combination
with the ASTM D4629 method.

6.4. Characterizations
Solid samples (different-supported catalysts) were characterized with BET, XRD,
HRTEM, Py-FTIR, TGA, CO-chemisorption, TPR and XAS to help with results interpretation

about the influence of different-supported catalysts (with possibly differing properties) on
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hydrotreating performance. Both treated and non-treated gas oil liquid samples from all
hydrotreating experiments were characterized using NS analyzer. Chapter 3 of this thesis contains

a summary of these techniques and sample analysis procedures for reference.

6.5 Results and discussion
6.5.1 Morphology of arc-discharge materials

TEM images of as-synthesized carbon materials (CNH, OCPs and OCP) are shown in
Figure 6.1. The morphology of the particles in Figure 6.1a, was that of CNH and is homogenous
in nature with aggregate diameter ranging from 50 to 110 nm. Figure 6.1b, contains particles with
morphology identical to CNH and CNT and in Figure 6.1c, the pristine OCP material is made of
CNH, CNT and other unknown structures which could be amorphous carbon, graphene foils and
graphite sub-micron particles. The TEM micrographs in Figure 6.1 confirm that the products from
the arc discharge experiment consist of different carbon nanostructure particles (Berkmans et al.
2015; Fan et al. 2005; lijima et al. 1999). Raman results in Appendix C also confirms that the OCPs

material comprises of CNH and CNT.

Figure 6.1 TEM images of different carbon materials from arc-discharge experiment; a) pristine
CNH, b) pristine OCPys, and c) pristine OCP.

6.5.2 Textural properties of catalysts

The textural properties of all the catalysts used in this study is highlighted in Table 6.1.
From this table, the NiMo/CNH catalyst demonstrated a higher surface area than that of NiMo/y-
Al>O3 catalyst as well as the remaining three carbon-supported catalysts used. The higher surface

area of NiMo/CNH catalyst over the rest of the carbon-supported catalysts stems from the
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enhanced surface area (546 m?/g) of CNH support after 30 minutes functionalization, and prior to
impregnation of support with desirable metals. Functionalization of pristine OCPs, OCP and CNT
materials led to a surface area of 177, 23, and 168 m?/g respectively. Check Appendix B for
information about the effect of functionalization on the textural properties of OCP and OCPs
support materials. Typically, the preferred industrial alumina support has a surface area that ranges
between 150 — 250 m?/g (Kaluza and Zdrazil, 2001). A drop in surface area of all functionalized
carbon-supports and y-Al.O3 support after metal impregnation was due to the plugging of pores
and micro channels with metals after catalyst preparation. On the average, the pore volume of
NiMo/CNH, NiMo/CNT and NiMo/y-Al,Oj3 catalysts were approximately 0.49 cm3/g whereas, the
pore volumes of NiMo/OCPs and NiMo/OCP catalysts were negligible. The low surface area and
pore volume values exhibited by NiMo/OCPsand NiMo/OCP catalysts were due to the rigid-crust-
like nature of the original support material used in making these catalysts (Yeh et al. 2016). From
Table 6.1, overall observation of all catalysts revealed mesoporous pore diameters according to

IUPAC specifications.

Table 6.1 Textural properties of all the different supported Ni-Mo catalysts.

Sample BET Surface Area (m?/g) Pore Volume (cm®/g) Pore Diameter (nm)
NiMo/CNH 350+ 2 0.42+0.01 10.8+0.1
NiMo/OCPs 52+2 0.09 £0.01 143+0.1
NiMo/OCP - - -
NiMo/CNT 117 +£2 0.50+£0.01 174+ 0.1
NiMo/y-Al,O3 223+ 2 0.55+0.01 7.3+0.1

The high surface area exhibited by the NiMo/CNH catalyst is of importance since, it
enables the active species to become highly dispersed for the formation of more active sites.
According to Vissers et al. (1987), another advantage of using a catalyst with a high surface area
is that the possibility of sintering of the active phase is minimized and this, consequently enhanced
HDS activity. Martin-Gullon et al. (1993) discovered that, the adsorption of heptamolybdate
solution is improved with high surface area and pore volume thus, causing an enhancement in Mo
loading. In (1998), a review article by Furimsky emphasized the importance of using a catalyst
with small pore diameters and large surface area for hydroprocessing of light feeds with porosity
not being too critical as likened to the hydroprocessing of heavy feed. The catalyst pore structure

is beneficial since, it controls the amount of feed that diffuses into the catalyst pellet, and a
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reasonable pore diameter also facilitates the elimination of diffusion resistances likely to occur
during hydrotreating. As such, easier accessibility of big molecules inside the catalyst internal
pores leads to higher rate of conversion and a reduction in diffusional limitation that accompanies
feedstock with large molecules. The capability for metal deposition also varies depending on the
pore volume (Jarullah et al. 2011; Furimsky, 1998). Information on textural properties of OCP and
OCPs before and after functionalization can be found in Appendix B. Additionally, the adsorption

capabilities behaviour of all catalysts used in this study can be found in Appendix C.

6.5.3 Thermal stability of catalysts

TGA thermograms of the five catalysts used in this study are presented in Figure 6.2. The
TGA profiles in Figure 6.2 shows that, NiMo/OCP and NiMo/CNT catalysts are thermally stable
from room temperature to 550 °C. The profiles for NiMo/CNH and NiMo/OCPs were similar, and
their respective plots from room temperature till approximately 150 °C shows that after about 2%
drop in weight as a result of moisture loss or physically adsorbed water, a diminutive weight drop
occurred again till 550 °C, followed by 3 - 7% weight loss up to 700 °C. The NiMo/OCPs catalyst
registered a lesser weight loss than the NiMo/CNH catalyst as a result of more inherent graphitic
particles that are more likely resistant to combustion. With the exception of NiMo/OCP catalyst
all carbon-supported catalyst experienced rapid decomposition at 700 °C. In the case of the
NiMo/y-Al2Os3 catalyst, the initial drop in weight attributed to the loss of moisture, was about 4 %.
Later on, a weight loss of approximately 3% occurred up to 450 °C because of the loss of
chemisorbed water as well as the decomposition of precursors before stabilizing till 700 °C. The
operating temperatures explored in this study were 330, 350 and 370 °C hence, based on these
TGA findings, the thermal stability of all the catalysts under these temperature conditions are

guaranteed after the initial weight loss due to moisture.

104



100

98' b
96 - c

94 -+ d

92 4

90 -

Weight %

88 -+

86 -

84

0 100 200 300 400 500 600 700 800
Temperature °C

Figure 6.2 TGA thermograms of the different supported catalysts; a) NiMo/OCP, b) NiMo/CNT,
¢) NiMo/OCPs, d) NiMo/CNH, and e¢) NiMo/y-Al>Oa.

6.5.4 Examination of XRD patterns

XRD is essential in determining the catalysts structure, the various phases on the catalyst
that are crystalline as well as the extent of homogeneous dispersion. Low angle XRD results (not
shown) confirmed that the NiMo/CNH, NiMo/OCPs, NiMo/CNT and NiMo/y-Al.O3 catalysts
exhibited a hexagonal mesoporous structure with a well resolved strong and weak peak at 20 =0.9
and 20 = 1.7, respectively. Peak indexes at d (100) and d (110) were realized, and the intensities
of the peak were similar for all catalysts under study, which inferred that the mesoporous
hexagonal structure was retained despite the type of support used in catalyst preparation. The wide
angle XRD domain of NiMo/CNH, NiMo/OCPs, NiMo/CNT and NiMo/y-Al,O3 catalysts are
shown in Figure 6.3. Information from JCPDS card number 10-0425, shows that y-Al2O3
characteristic diffraction peaks usually occurs at 20 = 37.60°, 45.84° and 67.30°, whereas, MoOs3
characteristic diffraction peaks are present at 20 = 23.33°, 25.70°, 27.33°, 33.13°, 33.73°, 38.97°,
39.65° and 46.28° according to JCPDS card number 05-0508. Information about characteristic
diffraction peaks corresponding to NiO and NiAl>O4 crystal phases can also be found from JCPDS
card numbers 78-0429 and 78-0552, respectively. NiMoOjs related crystalline phase signals can be
identified at 20 = 14°, 26°, 29°, 33°, 45°, 47° and 54° using JCPDS card number 33-0948 (Garg et
al. 2016; Calderon-Magdaleno et al. 2014).
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Figure 6.3 XRD patterns of different supported catalysts: a) NiMo/y-Al203, b) NiMo/CNH, c)
NiMo/OCPys, and d) NiMo/CNT.

This implies that from Figure 6.3, the two sharp peaks centered around 26 = ~ 46° and 67° and
designated as 2 on the NiMo/y-Al>Os catalyst are y-Al,O3 characteristic peaks. For the carbon-
supported catalysts, the sharpest peak with highest intensity at 20 = ~26° corresponds to (002)
diffraction plane and is attributed to regularly stacked graphenic layer. Other characteristic peaks
relating to carbon were noticeable at 20 = ~ 43° and 55° and designated as 1 on all the carbon-
supported catalysts. Characteristic MoOs peaks at 20 = ~26°, 34° and 38° and designated as 3 were
observed on all catalysts used in this study, however for the carbon-supported catalysts the, MoOs
peak at 20 = ~26° overlapped with the diffraction from the (002) graphitic plane. The sharpness of
the MoOs, 26 peak at ~38° on all three carbon-supported catalysts as compared to its broad peak
on the NiMo/y-Al203 catalyst connotes that, dispersion of MoOz on all the carbon-supported
catalysts were less than that on the NiMo/y-Al2O3 catalyst. The broadness of the small intensity
NiO peak (designated as 5) on NiMo/y-Al203 catalyst at 20 = ~ 63° compared to that on all carbon-
supported catalysts also signifies that NiO is less dispersed on a carbon-supported catalyst than on
a NiMo/y-Al>Oz3 catalyst. For all the carbon-supported catalysts the peak at ~54° corresponding to
a graphenic layer may have overlapped with NiMoO4 characteristic peak which also occurs at 20
=~ 54° and at (510) diffraction plane. No NiMoO4 characteristic peaks were however, observed
on the NiMo/y-Al2O3 catalyst.
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6.5.5 Dispersion behaviour of catalysts

CO chemisorption analysis was conducted to determine the extent at which metal particles
in the catalyst are dispersed on the support surface thus, providing information about the number
of exposed active sites on catalyst. Table 6.2 gives information about the CO chemisorption results
of all the catalysts used in this study. The deviation for % metal dispersion, metallic surface area,
CO absorbed, and crystallite size were; + 0.1, + 0.3, £ 2 and £ 0.2 respectively. These results
suggest that, for the carbon-supported catalysts, NiMo/CNH catalyst showed higher degree of
dispersion compared to the NiMo/OCPs and NiMo/CNT catalysts, and agrees with the wide angle
XRD results mentioned earlier in Figure 6.3. The higher degree of dispersion exhibited by
NiMo/CNH catalyst compared to the remaining carbon-supported catalysts was attributable to the
high stability of MoS: particles on CNH-carbon support which, allowed smaller crystallites with
reduced stacking to be maintained on the support with concomitant improvement in dispersion
(Berhault et al. 2001). Improved dispersion of molybdenum sulfide on the support also have a
positive impact on catalytic activities since, more edges of MoS; layer are exposed for reactions
leading to higher conversions.

From all the catalysts under study in Table 6.2, though, the NiMo/y-Al.O3 catalyst
displayed the highest dispersion, the dispersion of the NiMo/CNH catalyst was also high as
compared to the rest of the other carbon supported catalyst. The order of dispersion decreased as
follows: NiMo/y-Al203 > NiMo/CNH > NiMo/CNT > NiMo/OCPs >NiMo/OCP. Since the same
metal loading composition was impregnated on all the supports, a decrease in the degree of
dispersion among the carbon- supported catalysts certainly had to do with a decline in surface area
based on the type of support used and a corresponding increase in metal-support-interaction
(Ancheyta et al. 2005; Okamoto et al. 2003). The bigger crystallite size NiMo particles in the
NiMo/OCP catalyst relative to the remaining catalysts accounted for the negligible surface area
exhibited by NiMo/OCP catalyst, and contributed to the poor dispersion of NiMo particles on the
OCP-carbon support. Observation of the results in Table 6.2, also revealed that it would be more
effective to disperse and stabilize NiMo particles on y-Al>O3 support than on a carbon support as
a result of the resulting small crystallite size of NiMo particles in NiMo/y-Al>O3 catalyst.
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Table 6.2 CO chemisorption results of different NiMo-supported catalysts.
Catalyst Metal Dispersion Metallic Surface Area CO Absorbed Crystallite

(%0) (m?/g of sample) (umol/g) Size (nm)
NiMo/Al;03 12.2 9.3 217 10.1
NiMo/CNH 8.0 6.1 141 15.6
NiMo/OCPs 4.8 3.6 84 26.2
NiMo/OCP 1.3 1.0 23 95.8
NiMo/CNT 5.2 4.0 92 23.8

6.5.6 Reducibility of catalysts

Figure 6.4 shows the TPR profiles of the five catalysts utilized in this study. Overall
observation from this figure implied that all the species can undergo reduction irrespective of the
type of support used, and reduction of MoO3 occurred in two steps i.e. low and high-temperature
reduction. Low temperature reduction could be associated with partial reduction of
heteropolymolybdates (octahedral Mo species) or multilayered Mo oxides that are highly defective
and amorphous, and this phenomenon generally relates to the presence of Ni-Mo-S precursor
active type-Il phase (Henker et al. 1991; Arnoldy et al. 1985). On the other hand, reduction of
tetrahedral Mo species such as Mo oxides that require intense reduction, highly dispersed MoO3
monolayer as well as the crystalline phases of orthorhombic MoO3z and Al2(Mo0Q4) that get formed

as a result strong metal support interaction are associated with high-temperature reduction.

108



472°C

473°C
428°C
542°C

S12°C

Intensity (a.u)

250 350 450 550 650 750
Temperature °C

Figure 6.4 TPR profiles of different supported catalysts; a) NiMo/y-Al>Oz, b) NiMo/OCP, c)
NiMo/CNH, d) NiMo/OCPs, and €) NiMo/CNT.

The pattern in Figure 6.4, suggests a Mo®* to Mo** reduction for the first peak followed by
areduction of Mo** to Mo® in the second peak (Marzari et al. 1995; Rajagopal et al. 1994; Arnoldy
et al. 1985). Based on the profiles in Figure 6.4, the carbon-supported catalysts displayed two
apparent reduction peaks that ranged from 350 — 625 °C and 650 — 775 °C. All the carbon
supported catalysts, showed broad peaks with the first reduction peak of NiMo/CNH catalysts
occurring at a much-reduced temperature compared with the rest of the carbon-supported catalysts.
This also signified minimal metal oxide interaction using a CNH-carbon support as compared to
the rest of the carbon-supports. The shoulder peak immediately following the first reduction peak
of all the carbon-supported catalysts was caused by reduction of NiMoOa4 or bulk NiO kind of
species (Eswaramoorthi et al. 2008; Damyanova et al. 1995).

The first reduction temperature of NiMo/OCP catalyst occurred at a comparatively higher
temperature than the remaining carbon-supported catalysts and based on CO chemisorption results,
this is ascribed to the presence of bigger NiMo active phase particles within this catalyst that
required higher temperature for reduction. Similarly, Figure 6.4 also confirms that NiMo/CNH
catalyst consisted of smaller particles since, catalyst with smaller NiMo particles have also been
proven to be reduced at lower temperatures. The disclosure of smaller particles presence in

NiMo/CNH catalyst using TPR was also consistent with Table 6.2 CO-chemisorption results
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which, revealed a high degree of dispersion for NiMo /CNH catalyst as a result of the smaller
NiMo particles that existed in the catalyst (Eswaramoorthi et al. 2008). From Figure 6.4, it is
obvious that the first reduction peak of NiMo/y-Al.Oz is sharper and with a much higher intensity
than all the carbon-supported catalysts, and the reason behind this is that NiMo/y-Al>O3 contains
more exposed highly dispersed MoOs that can consume more hydrogen and be readily converted
to Ni-Mo-S type-Il phases. The TPR profiles therefore indicates that reducibility from oxidic to
sulfidic molybdenum species was higher for NiMo/y-Al.O3 and NiMo/CNH compared to the rest
of the catalyst, and reducibility of the various catalysts clearly increased as follows: NiMo/OCP <
NiMo/OCPs < NiMo/CNT < NiMo/CNH < NiMo/y-Al;03,

6.5.7 Acidity measurements

Enhanced catalytic activities have been achieved with Lewis and Bronsted acid sites since,
some studies have shown that Lewis and Bronsted acid sites with weak and intermediate strength
have contributed positively to the hydrotreating performance. Usually, Lewis acid sites promote
hydrogenolysis reactions whereas, Bronsted acid sites accelerates hydrogenation reactions. In
addition, the acidic nature of the catalyst can directly enhance HDS reactions by boosting
hydrogenation properties, and isomerization reactions that accelerates the transformation of
refractory sulfur compounds into highly reactive compounds. High HDN activities have also been
linked to an increase in the hydrotreating catalyst acidity due to saturation of aromatic rings by
Lewis acid sites and cleavage of C — N bond on strong Bronsted acid sites (Perot, 2003; Prins et
al. 1997; Kwart et al. 1982). Figure 6.5a and b shows the pyridine-FTIR spectra of NiMo/CNH,
NiMo/OCPs, NiMo/CNT and NiMo/y-Al20s3. Usually FTIR bands that occur at 1450 and 1610
cm depicts an adsorbed pyridine on Lewis acid sites. Pyridine adsorbed on Bronsted acid sites
also corresponds to a band around 1540 cm™. However, the appearance of a 1490 cm™ band relates
to pyridine that is co-adsorbed on both Lewis and Bronsted acid sites (Wang et al. 2015; Connell
and Dumesic, 1985).
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Figure 6.5 Pyridine FTIR images of samples; a) NiMo/CNH, b) NiMo/OCPs, and ¢) NiMo/CNT.

For the carbon-supported catalysts in Figure 6.5 apparent pyridine peaks adsorbed only on
Lewis acid sites were seen on the NiMo/CNH and NiMo/OCPs catalysts at approximately 1450
and 1610 cm™ whereas, the NiMo/CNT catalyst barely exhibited any Lewis and / Bronsted type
acid sites under the characteristic window of concern. From Figure 6.6, the pyridine-FTIR spectra
of NiMo/y-Al,03 showed pyridine bonded onto Lewis acid sites at 1446 and 1594 cm™ along with
pyridine bonded to Bronsted acid sites at 1544 cm™. In Figure 6.6 an additional band at 1496 cm"
! is allocated to pyridine adsorbed on both Bronsted and Lewis acid sites. The slight shift in the
NiMo/y-Al203 band may be due to ongoing metal-support-interaction. Overall results therefore
indicated that, although the key acid-type sites present in all the catalyst under study were Lewis
acid sites, the NiMo/y-Al>O3 catalyst has additional Bronsted acid sites that could possibly give it
an extra edge in attaining excellent hydrotreating activities. The peaks intensities on the NiMo/y-

Al>O3 catalyst was also more pronounced than that of all the carbon-supported catalysts.
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Figure 6.6 Pyridine FTIR image of NiMo/y-Al20s.

6.5.8 XAS analysis

Plots in Figure 6.7 shows normalized Mo-K edge XANES spectra of catalyst samples
(NiMo/y-Al203, NiMo/OCPs, NiMo/CNH) and reference compounds (i.e. pure Ammonium
heptamolybdate [(NH4)sM07024.4H20], Na2MoOs, and MoOs). The spectra show well defined
characteristics over the energy range 19950 — 20200 eV, and XANES analysis was performed to
determine the oxidation state of the absorbing atom that is caused by a positional shift in the
absorption edge of the acquired XANES spectra (Kelly et al. 2008; George and Pickering, 2007).
Normally, Mo in the ground state i.e. Mo® (Mo Foil) has a Mo K-edge excitation potential of 20000
eV, and this value increases or decreases depending on the oxidation state. The increase in edge
energy shifts is linked with an absorber atom that maintains a higher oxidation state but have less
electrons than protons. This phenomenon causes slight lowering of the energy states of the
electrons, and contrarily leads to an increase in the absorption edge energy (Pickering et al. 1995).

After comparing the XANES spectra edge positions of the various analyzed samples to that
of the reference compound, it was inferred that Mo in all the catalysts has Mo®* oxidation state.
This signifies that Mo®* in the starting reagent [(NH4)sMo07024.4H,0], did not undergo any change

in oxidation state during and after all catalyst preparations.
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Figure 6.7 Mo K-edge XANES spectra of: Mo foil, NazMoOa, [(NH4)sM07024.4H20], NiMo/y-

Al203, M0O3s, NiMo/OCPy, and NiMo/CNH.

The XANES portion of the XAS spectra also provides information about the coordination
environment (geometrically arranged bonded atoms) around the Mo absorber atom (Kelly et al.
2008; George and Pickering, 2007). As can be seen in Figure 6.7, the NiMo/y-Al.O3 catalyst pre-
edge feature at approximately 20010 eV was more pronounced than the pre-edge features in the
NiMo/CNH and NiMo/OCPs catalysts. Additionally, the intensity and sharpness of the pre-edge
feature in the NiMo/y-Al>O3 catalyst was the same as that of (NH4)sM07024.4H20 and Na2MoO4
and relates to a tetrahedral Mo coordination environment whereas, the intensity or sharpness of the
peak in the NiMo/CNH and NiMo/OCPs catalysts bears resemblance to that in MoOs reference
sample and indicate a possibly distorted octahedral coordination environment. This pre-edge
feature is a result of 1s — 4d electron transition from core electrons to higher-level vacant orbital.
Such an excitation is solely tolerable in a tetrahedral field but, strongly prohibited in an octahedral
field. However, due to the presence of distorted octahedral coordination environment of Mo in
compounds like MoOg, a less intense pre-edge feature is also observable because of the admixing
of the 4d levels and p orbitals of Mo in the distorted octahedral field (Essilfie-Dughan et al. 2017,
Wharton et al. 2003). This resulting information meant that Mo in XANES samples existed in two
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coordination environments (tetrahedral and octahedral), and that during the preparation of the
catalysts, the coordination environment of Mo changed from tetrahedral in (NH4)sM07024.4H20
to a distorted octahedral in NiMo/CNH and NiMo/OCPs catalysts. With regards to metal-support-
interaction, results in Figure 6.7 indicates that metal-support-interaction was less in the
NiMo/CNH and NiMo/OCPs catalysts because of their less pronounced pre-edge feature and
distorted octahedral Mo coordination environment. The advantage of having octahedral
coordinated Mo species with less pronounced pre-edge feature is that, they produce precursors that
enhance the creation of more active sites by reason of the increase in number of molybdenum
species that are easily reducible during sulfidation, and which subsequently results in an
enhancement of catalytic hydrogenation activities (Badoga et al. 2014). To this effect in (1996),
Topsoe and his group reported that weak interactions between molybdenum species and carbon
support resulted in high activity since, the degree of sulfidation became higher and was ascribed
to the likely creation of active Type Il Co-Mo-S phase. On the other hand, work by Maity and co-
workers also revealed that molybdenum oxide in the form of tetrahedral species are extremely hard
to get reduced based on the strong interaction formed with the support as compared with
molybdenum species present as octahedral species (Maity et al. 2000).

Analyzation of the EXAFS part of the XAS spectra was conducted to obtain information
on bonded atoms, bond distances and coordination numbers relative to the Mo atom. Figure 6.8 (a
& b) illustrates the (y(k)k®) in k-space (A1) together with the Fourier transform radial structure
function (FT RSF) in R-space (A) of [(NH4)sM07024.4H20], NiMo/y-Al,03, NiMo/OCPs, and
NiMo/CNH. The resulting k-space spectra came about based on backscattering from bonded atoms
in all the absorber atom (i.e. Mo) coordination shells. Backscattering from distant bonded atom
(i.e. Mo-Al/Mo) were also noticeable in the form of peak splitting and shoulders on the wave
pattern. Although the k-space of NiMo/y-Al>03 and (NH4)sM07024.4H20 share some similarities
in Figure 6.8 (a), as a result of both having a tetrahedral coordinated Mo environment, the increase
intensity of peaks at 3, 5.5, 8 and 9 A as well as, shift in the positions of the peaks at 10 and 11
A* of the k-space spectra of NiMo/y-Al,O3 compared to that of (NH4)sM07024.4H,0 suggest that
the tetrahedral molybdate is bonded to the y-Al203 in NiMo/y-Al203. As shown in Figure 6.8 (b),
these features of the k-space spectra can be clearly deduced from the FT in R-space spectra
because, that can give estimated bond distances existing between the central absorber atom (Mo)

and its closest adjacent atoms.
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Figure 6.8 (a) Mo K-edge k3-weighted EXAFS, and (b) Fourier transform (FT) spectra for a k
interval of 2-12 A of (NH4)sM07024.4H20, NiMo/y-Al.03, MoOs, NiMo/OCP, and NiMo/CNH.

In the FT in R-space spectra of NH4)sM07024.4H>0 and NiMo/y-Al>O3 catalysts, the first
distinct peak at ~ 1.7 A (uncorrected for phase shifts) signifies scattering from oxygen atoms that
are directly attached to the Mo atom tetrahedrally. Additionally, the peak at ~3.0 A (uncorrected
for phase shifts) for the FT in R-space of the NiMo/y-Al2O3 catalyst is attributed to the bond
distance between the Mo in the tetrahedral molybdate and the Al in y-Al,O3 (Radhakrishnan et al.
2001; Shimada et al. 1992). From Figure 6.8 (a), the k-space spectra of NiMo/OCPs, and
NiMo/CNH catalysts were found to be similar and identical to that of MoO3 but, were notably
different from the k-space spectra of NiMo/y-Al2O3 catalyst and (NH4)sM07024.4H20 reference
compound. The FT in R-space spectra of NiMo/OCPs and NiMo/CNH catalysts (Figure 6.8b) show
two major peaks (split peak) at ~ 1.7 and 2.0 A and a third peak with a shoulder at ~ 3.5
(uncorrected for phase shifts) and also identical to the FT in R-space spectra of MoOs. This implies
that, in NiMo/OCPs and NiMo/CNH catalysts, the oxygen atoms are octahedrally bonded to Mo
atom (Lv et al. 2015; Wharton et al. 2003; Shi et al. 2001). The spectra features observed in the
EXAFS analysis regarding the tetrahedral coordinated Mo atom in the NiMo/y-Al>O3 catalyst and
octahedral coordinated Mo atom in NiMo/OCPs and NiMo/CNH catalysts also concurs with the
XANES results.
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6.5.9 Determination of catalytic activity

Figures 6.9 and 6.10 shows the HDS and HDN results of the catalytic activities for
NiMo/CNH, NiMo/OCPs, NiMo/OCP, NiMo/CNT and NiMo/y-Al.O3 catalysts measured as
percentage conversion at operating temperatures of 370, 350, and 330 °C. The HDS and HDN
activities of all the catalysts under study increased in this order: NiMo/OCP < NiMo/CNT <
NiMo/OCPs < NiMo/CNH < NiMo/y-Al;03. This implied that among the carbon-supported
catalysts, improved HDS and HDN conversions were achieved with NiMo/CNH catalyst as
compared with the NiMo/OCPt, NiMo/OCP and NiMo/CNT catalysts. Also, an enhanced product
quality was generally observed for all the catalysts at higher temperatures. Compared to the
remaining carbon-supported catalysts, the high surface area and moderated pore volume exhibited
by NiMo/CNH catalyst contributed to its high activity since, such properties allow the active
metals to be efficiently dispersed in the pores. This was also in accordance with the information
by Ancheyta et al. (2005) that a highly disperse active phase is one of the key factors in attaining
high conversions. In addition, Song (1992) discovered that fine particles with increased surface

areas enhance conversions because of an improvement in mass transfer.
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The mesoporous diameter exhibited by all the catalysts was favorable since that ensured
that, the ability of the catalyst to accommodate big molecules that takes part in reactions is retained
thereby minimizing diffusional limitations. On the contrary, use of NiMo/CNT catalyst with larger
mesoporous diameter (17.4 nm) relative to all the other catalysts used in this study may be
disadvantageous in hydrotreating applications because, large molecules may diffuse in and out of
the catalyst surface without having adequate contact to react and cause an improvement in HDS
and HDN conversions. This may also be the reason why the NiMo/CNT catalyst registered lower
HDS and HDN activities than the NiMo/OCPs catalyst despite the fact that; (i) the surface area of
NiMo/CNT catalyst was at least twice that of the NiMo/OCPs catalyst, (ii) reducibility was easier
with NiMo/CNT catalyst than with the NiMo/OCPs catalyst, and (iii) about 8% improvement in
dispersion was also realized with NiMo/CNT catalyst as compared to the NiMo/OCP+ catalyst.
Besides, 30 minutes functionalization may also not be enough for etching oxygenated groups on
CNT support since, CNT comprises of multi-walls that may limit effective functionalization and
hinder the ability of the metals to anchor on support which can consequently have a negative
impact on active metal dispersion, catalyst reducibility and eventually catalytic activity.

From XRD and CO-chemisorption results, the greater dispersion capability of metal oxide
precursors on NiMo/CNH catalyst as compared to the remaining carbon-supported catalysts also
contributed significantly to it having the highest activity among the carbon-supported catalysts.
The higher dispersion effect and CO uptake was directly linked to the smaller crystallite size metal
particles in the NiMo/CNH catalyst. In addition, translation of higher CO uptake and smaller
crystallite size particles to higher HDS and HDN activities as demonstrated by NiMo/CNH catalyst
occurred since, report indicates that smaller crystallite size particles not only decrease the presence
of undesired diffusion limitations but, eventually causes reaction rate to increase (Hussain et al.
2011; Yinetal. 2011; Rodriguez-Reinoso, 1998). Based on TPR analysis, the easily reducible Mo
species formed in the NiMo/CNH catalyst in comparison to NiMo/CNT, NiMo/OCP: and
NiMo/OCP catalysts had a tremendous effect on the highest activity outcome displayed by the
NiMo/CNH catalyst since, easily reducible Mo species are normally the precursors needed for the
formation of more active sites that enhances HDS activities. Based on Figure 6.5, another
underlying reason why NiMo/CNH catalyst showed higher activity than the NiMo/OCPs and
NiMo/CNT catalysts is that, the NiMo/CNH catalyst showed prominent Lewis acid sites than
NiMo/OCPs and NiMo/CNT catalysts which facilitated C-N bond cleavage and led to further
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improvement in HDN activities. Although some of the physico-chemical properties (e.g. textural
properties, catalyst reducibility and dispersion of the active phase) results for NiMo/OCPs. catalyst
were lower in value than that of NiMo/CNT catalyst, from Figures 6.9 and 6.10, the high HDS
plus HDN activities of NiMo/OCPs over NiMo/CNT catalyst may be due to the contribution from
the superior-quality CNH particles embedded in the OCPs support as shown in the TEM images of
Figure 6.1. Additionally, from Figure 6.5, the discernible Lewis acid sites on NiMo/OCPs
compared to the unnoticeable acid sites on NiMo/CNT catalyst greatly influenced the higher
activity displayed by the NiMo/OCPs catalyst.

The lowest activity demonstrated by the NiMo/OCP catalyst was not surprising and was
accounted for by it’s; negligible textural properties, lowest degree of dispersion consistent with
CO-chemisorption and XRD results, as well as; its difficulties in getting reduced as revealed in
Figure 6.4, TPR results. The low activity displayed by NiMo/OCP catalyst can also be linked to
the functionality of OCP-carbon support, which was not encouraging since no apparent oxygenated
groups were seen from its FTIR analysis (Figure not shown). OCP support was also found to be
refractory and that reflected in it ability to resist thermal degradation as observed from TGA
analysis. The absence of oxygenated functional groups certainly has a negative impact on
hydrotreating activities due to the inability of the metals to anchor on the support during the
catalyst preparation, and consequently the effect of this lack of requisite amount of catalyst metal
composition on sulfidation, the active phase and catalytic activity. This is in agreement with inputs
from various researchers who have testified that, these oxygenated functional groups which are
equivalent to active sites, have significant impact on the characteristics of the support surface by
likely influencing the metal-support-interaction as well as catalytic activities of carbon-supported
catalysts (Hussain et al. 2011; Rodriguez-Reinoso, 1998). The low catalytic performance of
NiMo/OCP catalyst can further be attributed to bigger crystallite size Ni-Mo particles in the
NiMo/OCP catalyst that, leads to poor dispersion and a resulting negative influence in
hydrotreating activities.

At operating temperature conditions of 330, 350 and 370 °C, the HDS activities of NiMo/y-
Al>O3 catalyst were found to be 96%, 90% and 77%, whereas, the HDN activities were 74%, 65%
and 42%. From Figures 6.9 and 6.10, HDS and HDN activities of NiMo/y-Al.O3 catalyst was
found to be the highest among all the catalysts under study although, from Table 6.1 the textural
properties NiMo/CNH catalyst (best catalyst among the carbon-supported catalysts) showed
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higher textural properties and appeared to have weaker metal-support-interaction (XANES results)
than NiMo/y-Al2O3 catalyst. This means that catalytic activity is not solely dependent on the
catalyst’s textural properties nor the metal-support-interaction but, its also influenced by other
factors such as the degree to which metal components are dispersed on the catalyst, the way Ni
and Mo catalyst species are reduced and the type and amount of acid sites. Therefore, the highest
NiMo/y-Al,O3 catalytic activity from this present study can be correlated to; the highest degree of
dispersion of its metal components (12.2%), the easily reducible Mo and Ni species (Figure 6.4)
with easier possibility of being sulfided as well as, the occurrence of both Bronsted and Lewis acid
sites on the NiMo/y-Al2O3 catalyst. A study by Wang et al. (2015) also confirmed that high
amounts of acid sites results in easier cleavage of C-N bond which is of additional benefit to the
enhancement of HDN efficiency. Check Appendix B for information about the effect of 15 minutes
CNH functionalization on HDS and HDN activities using NiMo/CNH catalyst with Ni

composition of 2.5 wt%, and Mo composition of 13 wt%.

6.6 Conclusions

Findings from this study reveals that among the carbon-supported catalysts, NiMo/CNH
catalyst possesses excellent physico-chemical properties than NiMo/OCPs, NiMo/OCP and
NiMo/CNT. For the carbon supported catalysts, the highest HDS and HDN activities with real
LGO feed were achieved with the NiMo/CNH catalyst with catalytic activity decreasing in this
order: NiMo/CNH > NiMo/OCPs, > NiMo/CNT> NiMo/OCP. Factors that contributed to the
highest HDS and HDN activities of NiMo/CNH catalyst in comparison to the remaining carbon-
supported catalyst include: homogeneity and structure of the CNH-carbon support, the superior
textural properties of its functionalized support and catalyst, the easier reducibility of Ni and Mo
species from their oxidic to sulfidic form, and the appearance of strong Lewis acid sites on
NiMo/CNH catalyst. Therefore, overall, the selectivity of carbon-supported sulfide catalysts for
hydrotreating reactions can be influenced by the type of carbon being used since, catalyst
supported on CNH gave higher activity than that supported on OCPs, OCP and CNT materials. For
all the catalysts under study, catalytic activity using NiMo/y-Al,O3 was superior compared to the
analogous carbon-supported catalysts and some factors that impacted its activity were it high
percentage dispersion, and the presence of both Bronsted and Lewis acid sites (that enhances both

hydrogenation and hydrogenolysis reactions). Although XANES analysis confirmed that the
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coordination environment of Mo species in NiMo/CNH catalyst is a distorted octahedral
environment implying that, it had less metal-support-interaction and more likely to create Type Il
Ni-Mo-S structures having enhanced activity, the effect from the Mo octahedral coordinated
environment may not be significant since, the NiMo/y-Al.Os catalyst with Mo tetrahedral
environment and supposedly strong metal support still demonstrated the highest activity over all
catalysts used in this study. In addition to NiMo/y-Al203 catalyst, NiMo/CNH catalyst can also be
a suitable candidate to consider for deep HDS processes due to the higher catalytic activities
achieved with NiMo/CNH catalyst from this study.
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CHAPTER 7
Determination of a suitable NiMo/OCPs catalyst with varying Ni and Mo loadings for
hydrotreating of light gas oils
An article on this phase of work is being prepared for submission to a suitable journal
(Microporous and Mesoporous Materials). Some aspects of this study have been presented at the
following conferences:
» E. Aryee, A. K. Dalai, J. Adjaye, “Optimization of NiMo/OCPs catalyst for hydrotreating
of gas oils,” Oral presentation at 64" Canadian Chemical Engineering Conference, Niagara
Falls, Ontario, Canada, October 19-22, 2014.
> E. Aryee, A. K. Dalai, J. Adjaye, “Determination of the best NiMo/OCPs catalyst for
hydrotreating: Effects of varying metal compositions in catalyst formulation,” Oral
presentation at 66" Canadian Chemical Engineering Conference, Quebec City, Quebec,
Canada, October 16-19, 2016.

Contributions to this phase of work

The Ph.D. candidate, Emma Aryee planned, designed and carried out the experiments
under this phase of work. The work included, synthesizing CNH, differentiating the OCPsmaterial
from the entire OCP material, determining the best functionalization condition for OCPy,
formulating different catalysts with combinations of metal compositions, and running all
hydrotreating experiments. In addition, characterization of solid (pristine OCPs, functionalized
OCPs, and OCPs-supported catalysts) and liquid (treated and untreated gas oil) samples, data
processing and interpretation, and documentation of the work were done by Emma Aryee. Dr.
Philip Boahene, and Dr. Sandeep Badoga occasionally assisted Emma Aryee to trouble shoot the
reactor. My supervisors Drs. A. K. Dalai and J. Adjaye, critically reviewed the experimental plan,

provided suggestions and monitored the progress of work.
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Contribution of this chapter to the overall Ph.D. work

This chapter would provide answers as to whether the hydrotreating performance of OCPs¢
-supported NiMo catalyst could be enhanced by impregnating metals and varying the metals
composition since, the previous work in Chapter 6 proved that use of OCPs as a support material
was feasible. In addition, knowledge would be gained about the effects of different combinations
of Ni and Mo metal compositions on catalytic properties, and their subsequent effects on HDS and
HDN activities. OCPs material comprises of CNH and other carbon particles. Hence, due to the
low yield of CNH in comparison to the OCPf material, information from this chapter would also
aid to streamline the experimental plan for the final phase of work involving CNH catalyst

development for high HDN and HDS activities.

7.1 Abstract

The by-products collected during the synthesis of carbon nanohorns (CNH) via the arc-
discharge method is comprised of other carbon particles. Preliminary investigations (from Chapter
6) using the fine fraction of these other carbon particles (OCPs) with 13 wt% Mo and 2.5 wt% Ni
in hydrotreating light gas oil resulted in an HDS conversion of ~78 %, and HDN conversion of
25%. Variation of the metal compositions in catalyst formulation was therefore considered in this
study to enhance the hydrotreating activity of OCPs - supported catalyst, and to determine if the
best NiMo/OCPs catalyst achieved from this study could be a viable catalyst for hydrotreating
applications. Prior to catalyst preparation, pristine OCPs were functionalized using 30 wt% HNO3
refluxed at 110°C for 30 mins. The co-incipient wetness impregnation method was used in
preparing the catalysts and the Ni and Mo loadings investigated were within the range of (2.5-5.0
wt%) and (13 - 26 wt%) respectively. Techniques that were used to characterize the catalysts
include; BET, TGA, XRD, CO-chemisorption, and TPR. BET data suggests mesoporous pore
diameter ¢10-13 nm) and CO-chemisorption results showed that at constant Mo loading of 13 wt%
and 19 wt%, there was a surge in metal dispersion with increasing Ni concentration. Overall, the
catalyst samples with maximum Ni loading of 5.0 wt%, and Mo loadings of either 13 or 19 wt%
showed higher dispersion and the possibility of forming a type-11 Ni-Mo-S phase with enhanced
activity. All catalyst samples were tested in a trickle-bed micro reactor and the effects of the

different metal compositions on both HDS and HDN activities are reported in this study.
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7.2 Introduction

Hydrotreating is a catalytic hydrogenation process that is globally used to upgrade highly
contaminated crude oil into high quality products with reduced sulfur, nitrogen, oxygen and metal
content. The hydrotreating process also leads to the conversion of aromatics and olefins in the
crude oil into saturated products. Hydrotreating therefore helps to meet the demands for cleaner
environment and stricter regulations. Since this process is catalytically driven, development of a
hydrotreating catalyst is one way of achieving optimal hydrotreating effect. Apart from the
support, other key components of the catalyst are the active metals and promoters. Commonly used
hydrotreating catalysts are supported-CoMo and -NiMo sulfides, and typical metal loading
compositions for Ni (Co) and Mo are within the range of (3 - 8 wt%) and (10 - 30 wt%),
respectively (Robinson and Dolbear, 2007). For a hydrotreating catalyst such as NiMo/Al>Oz the
main catalytic active sites are the MoS: edges, and addition of a Ni promoter aids in increasing
vacant sites by lowering the binding energy of sulfur present at the edges of MoS; (Afanasiev and
Bezverkhyy, 2007; Grimbolt, 1998; Byskov et al. 1997). To some extent, some research work has
revealed that the final sulfided phase of the active catalyst is dependent on the extent to which the
supported NiMo catalyst in its oxide form becomes sulfided since, sulfidation partially converts
these oxide species into their equivalent active Ni (Co)-Mo-S structures. As a result, during
catalyst formulation it is important to use a suitable metal composition that would optimize the
metal loading on the support, and consequently result in the achievement of maximum
hydrotreating activity (L6pez and Ldpez, 2000; Furimsky, 1998; Prins et al. 1989).

The Ni (Co)-Mo-S structure exist in two forms (Type | and Type I1). Usually, the Type 1l
structure is more active than the type | structure because, it is rarely attached to the support via
Mo-O-Al linkages unlike, the Type-I structure which is more bonded to the support. For the Type
Il phase, Van der Waals forces of attraction exist between the support and the active phase. The
linkages with the support create some steric hindrances during reactions. Hence, in the case of the
Type Il structure due to its less linkage with support, there is less effect from steric hindrance
which makes it easier for reactant molecules to access the catalytic active sites. Comparatively,
reactant molecules are more hindered from getting to the catalytic active sites in a Type | structure
than a Type Il structure. Also, the presence of Type Il structures can result in high activities

because of their weak metal-support-interactions. Therefore, an increase in temperature during
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sulfidation favors a Type Il structure since, stacking is enhanced as temperature increases which
further creates a highly active Type Il structure (Van Veen et al. 1993; Vissers et al. 1987).

The sulfiding temperature impacts the formation of different phases since high temperature
sulfidation causes the MoS: particles that are parallel to the basal planes to grow in their size and
transition from a two-dimensional structure (Type 1) to a three-dimensional structure (Type II).
For Type | structures, due to the strong bond that exists between Mo-O-Al linkages with the
support, transition to Type Il structures would require a breakage of these Mo-O-Al linkages. For
certain catalysts (e.g. carbon-supported catalyst) that possess low or minimal support interaction
after preparation, sulfidation of these catalysts using low temperature conditions can readily lead
to the formation of Type II structures. For NiMo/y-Al203 catalysts that form strong metal support
interaction with the support, apart from high sulfidation temperatures, transition to Type Il
structures can be obtained by using high metal loading or calcining the catalyst at high
temperatures prior to hydrotreating. The properties at the active sites can be impacted by Mo
loading and therefore low Mo loading are dominated by Type | structures whereas, higher Mo
loadings are dominated by Type Il structures. The MoS: crystallites are normally oriented in such
a way that their basal planes are parallel to the support although there are rare cases whereby the
basal planes of MoS; crystallites are oriented perpendicularly to the support (Scheffer et al. 1986;
Candia et al. 1984).

Use of carbon as a support in heterogenous catalysis has attracted numerous attentions as
a result of its relative chemical inertness, high porosity, high surface area, retention of its structural
integrity, existence in various physical forms and ability to functionalize the carbon material to
enhance catalytic activity. When given the choice to use carbon as a hydrotreating catalyst support,
most researchers resort to carbon black or activated carbon as a result of their mass availability,
low cost and high surface area. In recent times a plethora of research related to the use of carbon
in catalysis is centred around carbon nanotubes and fullerenes, and investigations about their
properties and possible applications are still in progress. Use of CNH as a catalyst support is also
in the limelight. (Lam and Luong, 2014; Titirici and Antonietti, 2010; Falcao and Wudl, 2007;
Rodriguez-Reinoso, 1998). As mentioned in previous chapters of this thesis, the arc-discharge
method which is well-known for producing CNH is accompanied by the formation of a chunk by-
product (termed OCP), and its fine fraction denoted as OCP+. For anodic type of arc’s in which

ablation of the anode is prevalent, these by-products usually form on the cathode and fall off or
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build up with time. Keidar et al. (2011) also added that for anodic arc, a carbonaceous deposit (~
60-70% of the ablated material) inevitably forms on the cathode surface as a result of low thermal
conductivity. This carbonaceous deposit can be described as having a crust-like texture with an
inner black core that could contain carbon nanotubes, carbon nanoparticles and some graphitic
particles. It is also noted to consist of a greyish metallic hard shell on the exterior with no nanotubes
present. The appearance of this by-products after an arc experiment was also noted by Saito et al.
(1993). In their work, they mentioned that a carbonaceous deposit made up of graphitic tubules
and polyhedral particles accumulated on the face of the cathode electrode. (Keidar et al. 2011;
Tang et al. 2005; Saito et al. 1993; Ebbesen and Ajayan, 1992). Gattia et al. (2006) were of the
view that the deposits collected on the cathode after conducting arc-discharge experiments
comprised of CNH, CNT, amorphous carbon and carbon nanocages, and their results were not far-
fetched from the observations from many arc discharge experiments that mentioned the formation
of a rich MWCNT among the deposits on the surface of the cathode (Zhang et al. 2019; Yeh et al.
2016; Arora and Neha, 2014; Ng and Raitses.; 2014; Gattia et al. 2006).

The properties and characteristics of the OCP produced and used in this phase of work are
similar to that described here. Thus, with the right operating conditions identified for the synthesis
of CNH via the arc discharge method, OCP of similar characteristics will be generated. Yeh et al.
(2016) also added that during the arc discharge process, the deposited carbonaceous material on
the surface of the cathode and the walls of the reactor vessel contributed to the formation of
nanoparticles by acting as an effective cathode electrode that sustained the arc discharge and
reaction process. Results from their work also showed that a strong correlation exists between the
radial distribution of the arc discharge current, temperature at the surface of the cathode deposit
and the various morphologies of the deposits formed on the cathode. The complex nature of the
formed nanoparticles are attributed to spatial variations of particle, plasma and heat fluxes from
the arc to the deposit. The purity of the nanoparticles within the core area of the deposit are
dependent on particle and heat flux from the plasma. The effective diameter of the cathode deposit
is usually more than the anode diameter, and the deposit builds up at the center of the cathode due
to the accumulation of more material (Yeh et al. 2016).

Laboratory synthesis of CNH shows that the yield of OCPs was more than twice the CNH
material of interest. Moreover, a comparative study from our previous work (phase 3 or Chapter

6) confirmed the feasibility of using OCPs as a hydrotreating catalyst with Ni and Mo compositions
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of 2.5 wt.% and 13 wt.% respectively, and this study resulted in HDS and HDN activities of ~78%
and 25%, respectively. Thus, knowing the benefits of using carbon as a support, and having been
convinced from other researches that the by-products are mainly carbon-based particles our goals
were to (i) enhance the hydrotreating performance of NiMo/OCPs catalyst by experimenting with
different combinations of Ni and Mo compositions that would lead to higher HDS and HDN
activities and (ii) to add value to an otherwise by-product which has not been used in any
hydrotreating applications as far as we know. In addition, since the OCPs material contains CNH
materials, results from this study would henceforth help to determine the best conditions to focus

on in an effort to develop the best NiMo/CNH catalyst for hydrotreating.

7.3 Experimental method
7.3.1 Catalyst preparations and hydrotreating experiments

The OCPs material used as hydrotreating catalyst support in this study was obtained after
separation following a CNH arc discharge synthesis. Thereafter, the size of the OCP+ support
material that was used in making the various catalysts was classified by means of the US standard
series No. 60 which is equivalent to 250-micron average particle diameter. In preparation for
catalyst formulation, oxygenated functional groups were created on the OCPs support by liquid
oxidation. This step is important because it enhances their solubility and guarantees efficient
wettability for metal anchorage because, catalyst preparation involved contacting the OCPs
material with catalyst precursor metals in solution. 30 minutes functionalization time emerged as
the best duration for functionalizing OCPs support material based on the results of a series of
experimental runs to determine the best condition for OCPs functionalization. Thus, all OCPs
support material were functionalized for 30 minutes using the same method from a previous
description (Aryee et al. 2013). The functionalized supports were then impregnated with desired
Ni (2.5, 3.5 and 5.0 wt%) and Mo (13, 19, 26 wt%) solutions via the incipient wetness co-
impregnation method to form oxidic catalysts. Depending on the Ni and Mo loading combination,
their respective nickel nitrate hexahydrate [Ni(NOz)2:6H20], and ammonium heptamolybdate
tetrahydrate [(NH4)6Mo07024-4H20] weights were used in making the metal precursor solutions.
For easy referencing with regards to this study, the prepared catalysts were named as

XNiyMo/OCPs where; X is the wt% Ni composition and y is the wt% Mo composition used.
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The wet catalysts that were formulated were oven dried at 110 °C overnight. Subsequently,
each dried oxidic catalysts was ground, and calcined in a furnace at 450 °C for 5 hours using argon
as a carrier gas at 50 mL/min flow rate. Prior to hydrotreating experiments, 5Sml of each powdered
catalyst was diluted with 12 ml of 90 mesh inert silicon carbide by way of loading into the reactor
in 10-12 layers. Loading was done by alternating between catalyst and SiC. The top and bottom
of the diluted catalyst mix was also packed with 3 mm glass beads, and different mesh sizes (16,
46, 60) of silicon carbide. The packing was done in such a way that the diluent size increased as it
approaches the top and bottom end of the reactor. After the reactor had been loaded, it was sealed
firmly, and then transferred and mounted into the hydrotreater assembly. The hydrotreater was
pressurized to ~ 9.3 - 9.7 MPa with helium and tested for leaks over 24 hours.

In preparation for the hydrotreating experiments, the operating pressure was reduced to 9.0
MPa and kept constant throughout all experimental runs. The catalyst was wetted with a mixture
of approximately 100 ml butanethiol (2.9 vol%) and insulating oil (500 ml). A sulfidation process
continued for two consecutive days (48 hrs) after completion of catalyst wetting. Sulfidation
temperatures of 193 and 343 °C, respectively were used for each of the days, and an LHSV of 1
hr! was maintained throughout the sulfidation process. Once sulfidation was complete, the
sulfiding solution was switched to light gas oil and the catalyst was precoked for 3 days at an
LHSV of 2 hr'! and a temperature of 370 °C. Thereafter, the hydrotreating tests were executed at
three different temperatures (i.e. 330 °C, 350 °C or 370°C). Each experimental temperature
condition was run for 1.5 days and a constant LHSV and pressure of 2 hr! and 9.0 MPA,
respectively were maintained for all the runs. Hydrotreated liquid samples were collected after
every 12 hours. However, a change in experimental temperature condition led to the discarding of
collected samples for the initial 12 hours of run before any further storage was done. The collected
samples were stripped for 2 hours with N2 gas to eliminate the presence of any residual traces of
NHz and HS in the liquid sample. Sulfur and nitrogen concentrations in the stripped liquid

products were further analyzed with the Antek 9000 NS analyzer.

7.4. Characterizations
In order to have a better insight about the properties of the various NiMo/OCPs catalysts
used in this study, BET, TGA, XRD, CO-chemisorption, HRTEM, and TPR techniques were used

to characterize the solid catalyst samples. Additionally, these techniques helped to interpret the
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results on the impact of varying Ni and Mo loadings on HDS and HDN activities. The S and N
compositions for both untreated and treated gas oil samples were determined using the Antek 9000
NS analyzer. Chapter 3 may be referred for information about these techniques and their

corresponding sample analysis procedures.

7.5 Results and discussion

7.5.1 BET analysis of pristine OCPs, functionalized OCPr and OCPs-supported NiMo
catalysts
Table 7.1 shows the surface area, pore volume and pore diameter of as-synthesized OCPy,

functionalized OCPy, and NiMo/OCPs catalysts with varying Ni and Mo compositions. Similar to
the CNH material, the functionalized OCPs material was of higher surface area and pore volume
than the pristine OCPs due to the presence of defects after functionalization. Contrarily, a decrease
in pore diameter was observed as the pristine OCPs material was functionalized, and this was due
to the breaking of bigger pores, with the average pore diameter being more representative of
smaller pores (Karousis et al. 2016). For the different catalysts, it was observed that the surface
area and pore volume of all the catalysts decreased from the functionalized material due to the
plugging of pores by metals. An increment in pore diameter however, occurred after the
functionalized OCPs samples had been impregnated with metals to form different catalysts.

Table 7.1 BET analysis of pristine OCPf, functionalized OCPf, and NiMo/OCPf catalysts.

Sample BET Surface Area Pore Volume Pore Diameter
(m?/g) (cm®/g) (nm)
Pristine OCPs 41+2 0.15+0.01 22.1+0.2
Functionalized OCPs 177 +£2 0.19+0.01 9.3+0.1
2.5Wt%Ni13wt%Mo/OCPs 97 +1 0.12+0.01 10.1+0.2
2.5Wt%Ni19wt%Mo/OCPs 992 0.14+£0.01 12.8+0.1
3.5wWt%Ni13wt%Mo/OCPs 96 +2 0.12+0.01 9.6+0.1
3.5wWt%Ni19wt%Mo/OCPs 81+2 0.12+0.01 11.1+0.1
5.0wt%Ni13wt%Mo/OCPs 106 + 2 0.12+0.01 10.6 +0.1
5.0wt%Ni19wt%Mo/OCP+ 89+2 0.12+0.01 109+0.1
5.0wt%Ni26wt%Mo/OCPs 782 0.12+0.01 12.6+0.2

There was no significant change in surface area at constant Ni composition of 2.5 wt% as
Mo composition was raised from 13 wt% to 19 wt%. On the other hand, as the Ni loading was
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kept constant at higher compositions (either 3.5 wt% or 5.0 wt%), increased in Mo composition
from 13 wt% to 19 wt% resulted in ~16% decrease in surface area. This is because more pores
were blocked as higher Mo loadings were impregnated on the support. Lower Mo loading of 13
wt % did not bring about any significant change in surface area and pore diameter at Ni
compositions of 2.5 wt% and 3.5 wt%. At a constant Mo loading of 19 wt%, both the surface area
and pore diameter decreased steadily as Ni compositions increased from 2.5 to 5.0 wt%. Overall
all the catalyst exhibited mesoporous pore diameters and constant pore volume. From BET results
it can be deduced that low Ni (2.5 wt%) and Mo (13 wt%) composition have less impact on the
textural properties. However, at a higher Mo loading of 19 wt%, the impact on the surface area
and pore diameter were significant and consistent as Ni compositions increased steadily from 2.5
— 5.0 wt%. The catalyst with the highest Ni and Mo compositions (5.0wt%Ni26wt%Mo/OCPy)
had the lowest surface area since its pores (most especially micropores) were filled with metals
having higher weight compositions during catalyst formulation. Consequently, its pore diameter
was high since, it was more likely for its micropores to be blocked making its mesopores the major

representative of its pore diameter.

7.5.2 TGA analysis of the OCPs-supported NiMo catalysts

Since all OCPs catalysts were prepared from a by-product support and there is an instant
negativity surrounding by-products, the thermal stability of the catalysts under hydrotreating
temperature conditions (330, 350 and 370 °C) being experimented had to be tested with TGA to
ensure that the catalysts would not burn out during the hydrotreating process but, can be able to
resist thermal degradation. The TGA profiles of all the OCPs-supported NiMo catalysts utilized in
this study are displayed in Figure 7.1.
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Figure 7.1 TGA profile of OCPssupported NiMo catalysts; a) 5.0wt%Nil9wt%Mo/OCPs,
b) 3.5wt%Nil9wt%Mo/OCPys, c) 3.5wt%Nil3wt%Mo/OCPs, d) 2.5wt%Nil3wt%Mo/OCPs,
e) 2.5wt%Ni19wt%Mo/OCPs, f) 5.0wt%Ni13wt%Mo/OCP, g) 5.0wt%Ni126wt%Mo/OCPs.

From Figure 7.1, the desorption of water that had been physically adsorbed (due to the
ability of the catalysts to adsorb water during the handling of catalysts) led to a weight loss of
about 1% up to 120 °C. Afterwards, the weight loss was almost constant up to about 400 °C and
mostly stable until ~ 600 °C. The stability of the thermal properties from 120 — 400 °C may be due
to less concentration of surface defects on the catalysts. A slight loss in weight from 120 — 400 °C
can be attributed to the loss of impurities that remain on the sample after catalyst preparation, or
loss due to MoOs decomposition into MoO2 or Mo40O1: intermediate compounds (Serp, 2003;
Spevack and Mcintyre, 1992). Beyond 500 °C to 700 °C carbothermal reductive decomposition of
NiO or NiMoO4 may contribute to the weight loss (Lebukhova and Karpovich, 2008). The drastic
drop in weight for the NiMo/OCPs catalyst samples at about 700 °C can also be attributed to the
findings from Bekyarova et al. (2002) which showed that at higher temperatures of at least 700
°C, carbon nanomaterials are prone to burn-off due to instability. An inert gas (nitrogen) was used
to carry out the TGA experiments. However, for a typical hydrotreating experiment, the reactive
gas is hydrogen and since this gas is not inert the catalyst may not be stable in a hydrogen
environment because of the possibility of reduction. On the other hand, the thermal stability of the

catalyst in terms of thermal sintering is the same irrespective of the gas environment (inert or Hy)
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since exposure to higher (> 500 °C) gas-phase temperatures is the main factor that influences
catalyst deactivation by thermal sintering (Fogler, 2016; Bartholowmew, 2001). Based on the
above information, the thermal stability of all the catalysts in terms of thermal sintering is assured
for the hydrotreating temperatures (330 — 370 °C) under study.

7.5.3 XRD analysis of the OCP+-supported NiMo catalysts

Low angle XRD profile patterns of all the different NiMo/OCPs catalysts displayed in
Figure 7.2 shows that a hexagonal mesoporous structure with well resolved strong (20 = 0.9) and
weak (20 = 1.7) peaks were observed that were identical for every catalyst used in this study. The
peaks were indexed at d (100) and d (110). This identical characteristic implied that variation in
metal loading composition did not influence the hexagonal mesoporous structure. Figure 7.3 shows
the high angle XRD profile patterns of all the NiMo/OCPs catalysts. All the samples exhibited
crystalline phases. The 20 diffraction peak at ~ 26° represents, (002) plane characteristic of a
hexagonal carbon structure. This 26 diffraction peak at ~ 26° also corresponds to an intense MoOs3
peak. Thus, the peak at this position can be associated to an overlap of MoOz and carbon (OCPs)
material. Other small intensity peaks occurred at ~ 37° and ~ 54° which corresponded to NiO and
NiMoOQg, respectively. The appearance of these characteristic crystalline peaks relating to MoOs,
NiO and NiMoOs on the OCPs-supported NiMo catalysts implied that the metals were not well
dispersed on the support. A small diffraction peak relating to molybdenum carbide (Mo2C) was
also observed at 20 = ~ 62° (Liu et al. 2011; Gattia D et al. 2006; Quanli et al. 2003). From Figure
7.3, it was also realized that, the crystalline peak intensities for the 5.0wt%Ni13wt%Mo/OCPs,
5.0wt%Ni19wt%Mo/OCPs, 3.5wWt%Nil3wt%Mo/OCPs and 2.5wt%Nil3wt%Mo/OCPs catalysts
were smaller than the rest of the catalysts and therefore, it is expected that the dispersion of the
metal components in these catalysts would be much improved compared to the remaining OCP+-

supported NiMo catalysts used in this study.
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Figure 7.2 Low angle XRD pattern of OCPs-supported NiMo catalysts;
a) 5.0wt%Ni26wt%Mo/OCPs b) 5.0wt%Ni19wt%Mo/OCPs ¢) 5.0wt%Nil3wt%Mo/OCPs
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Figure 7.3 High angle XRD pattern of OCPs-supported NiMo catalysts;
a) 5.0wt%Ni26wt%Mo/OCPs b) 5.0wt%Ni19wt%Mo/OCPs c) 5.0wt%Ni13wt%Mo/OCP+
d) 3.5wt%Nil19wt%Mo/OCPs e) 3.5wWt%Nil3wt%Mo/OCPs f) 2.5wt%Ni19wt%Mo/OCPs

g) 2.5Wt%Ni13wt%Mo/OCP;,
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7.5.4 CO chemisorption analysis of the OCPssupported NiMo catalysts

Results from CO chemisorption analysis are displayed in Table 7.2, and these results shows
that at constant Mo loadings of 13 wt% or 19 wt%, metal dispersion and CO uptake increased
steadily with increasing Ni compositions from 2.5 to 5.0 wt%. This positive impact is ascribed to
the fact that increase in Ni loadings increases the amount of Ni release during sulfidation, and this
effect simultaneously enhances the redistribution of MoOz which further results in a decrease in
crystallite size with a corresponding increase in metal dispersion (Badoga et al. 2014). However,
at constant Ni composition of 2.5 and 5.0 wt% increasing Mo composition from 13 wt% to 19 wt%
resulted in a decrease in dispersion. However, no change in dispersion occurred at constant Ni
composition of 3.5 wt% as the Mo varied from 13 to 19 wt% even though there was an increase in
the amount of CO absorbed. Additionally, so far as CO uptake was concerned, at constant Ni
composition of either 2.5, 3.5 or 5.0 wt%, CO uptake increased with increasing Mo composition
from 13 wt% to 19 wt%. These results indicate that a significant improvement in metal dispersion
and CO uptake can be achieved by using a high Ni composition (3.5 and 5.0 wt%) and high Mo
composition of 19 wt%. From Table 7.2, the 5.0wt%Nil3wt%Mo/OCPs and
5.0wt%Ni19wt%Mo/OCPs catalysts exhibited maximum metal dispersions whereas, the
5.0 wt%Ni26wt%Mo /OCP; catalyst showed the least metal dispersion since, the Mo loadings of
26 wt% was too high for the 5.0 wt% Ni to have any positive influence on the redistribution of

MoO3 to form smaller crystallite size with enhanced dispersion.

Table 7.2 CO-chemisorption analysis of OCPf-supported NiMo catalysts.

Catalysts Metal Dispersion CO absorbed Crystallite Size
(%) (umol/g) (nm)
2.5wWt%Ni13wt%Mo/OCPs 58+0.2 102 +2 21.6+0.2
2.5Wt%Ni19wt%Mo/OCPs 44+0.2 106 + 1 285+0.2
3.5wWt%Ni13wt%Mo/OCPs 6.2+0.2 121+2 19.7+£0.2
3.5wWt%Ni19wt%Mo/OCPs 6.2+0.2 158 + 2 20.1+£0.2
5.0wt%Ni13wt%Mo/OCP+ 9.3+0.2 205+ 2 129+0.2
5.0wt%Ni19wt%Mo/OCPs 7.8+0.1 221 +2 15.7+0.2
5.0wt%Ni26wt%Mo/OCP+ 3.8+0.2 135+1 32.6+0.3
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7.5.5 HRTEM examination of the morphology of the various OCPs-supported NiMo
catalysts
The morphology of the different NiMo/OCP; catalysts used for this study are displayed in

Figure 7.4. The TEM micrographs of all the catalysts showed dark spots that signified that metals
have being impregnated on the support. However, the micrographs suggest that metals were not
evenly dispersed on the support. Additionally, apart from CNH structures, some of the catalysts

also revealed CNT and other embedded structures typical of an OCPs material.

P

Figure 7.4 Morphology of different NiMo/OCP: catalysts; a) 2.5wt%Nil3wt%Mo/OCPs,

b) 2.5wWt%Ni19wt%Mo/OCPy, ¢) 3.5wWt%Nil3wt%Mo/OCPs, d) 3.5wt%Nil9wt%Mo/OCPy,
e) 5.0wt%Ni13wt%Mo/OCPs, ) 5.0wt%Ni19wt%Mo/OCPs, g) 5.0wt%Ni26wt%Mo/OCP+.

7.5.6 TPR analysis of the various OCPs-supported NiMo catalysts

The TPR results of all the NiMo/OCPs catalysts are shown in Figure 7.5. Two reduction
peaks at low (250 to 480 °C) and high (580 to 660 °C) were detected. As mentioned in previous
chapters, the first peak corresponded to a partial reduction of Mo®* to Mo** whereas the second
peak was from a combination of a complete reduction of Mo® to Mo* and Mo*" to Mo?".
Reduction of Ni?* also contributed to the low temperature reduction peak in the range of 250 to
375 °C whereas, NiMoO4 also contributed to the reduction peak that ranged from 375 to 480 °C
(Calafat et al. 1996; Brito et al. 1989; Hurst, 1982). Due to the low temperature peak reduction
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observation in the vicinity of the first reduction peak, metal support interaction between the
metallic oxides and the OCPssupport is expected to decrease and consequently cause an increase

in hydrotreating performance (Qu et al. 2003).
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Figure 7.5 TPR results of NiMo/OCPs catalysts; a) 5.0wt%Ni19wt%Mo/OCPs,
b) 5.0wt%Ni26wt%Mo/OCPs, c) 5.0wt%Nil3wt%Mo/OCPs, d) 3.5wt%Nil9wt%Mo/OCPs,
e) 3.5wt%Nil3wt%Mo/OCPs, ) 2.5Wt%Nil19wt%Mo/OCPs, g) 2.5wWt%Nil3wt%Mo/OCPs.

For all the catalysts under study, variation of Ni and Mo in any of the catalyst combination
only resulted in a slight change in the peak reduction temperature which was around 360 °C on the
average. However, the hydrogen consumption intensity increased drastically as Ni compositions
increased from 2.5 to 5.0 wt% as compared to the slight jump in hydrogen consumption intensity
with increasing Ni composition from 2.5 to 3.5 wt%. From Figure 7.5, it was obvious that with the
exception of the 5.0wt%Ni26wt%Mo/OCPs the hydrogen consumption intensities were higher at
high Mo composition of 19 wt% for all catalysts under study as compared to the catalysts with low
Mo composition of 13 wt%. Overall, the catalyst with the highest Ni and Mo composition
(5.0wt%Ni26wt%Mo/OCPs) exhibited the greatest difficulty in reduction. Also, though the
reduction temperature for the catalysts with 5.0 wt% Ni composition were higher in comparison,
to the remaining catalysts and therefore signified high metal support interaction, on the contrary

these catalysts are expected to result in high HDS and HDN activities because, their highest
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hydrogen consumption intensities with sharp peaks especially in the case of the
5.0wt%Ni19wt%Mo/OCP; catalyst renders MoOs in these catalysts to be readily transformed to
a type-11 Ni-Mo-S phase associated with enhanced activity (Yin et al. 2011; Park et al. 1997). Due
to a slight change (increase or decrease) in their first peak reduction temperatures irrespective of
the metal combination type any significant effect on the activity can therefore be attributed to the

hydrogen consumption intensity.

7.5.7 HDS and HDN activities of the various OCPs-supported NiMo catalysts

Figures 7.6 and 7.7 show the effects of temperature on the HDS and HDN activities of all
the different catalysts used in this study. In all cases, the HDS and HDN activities increased with
increasing temperature. A rise in HDS and HDN activities with increasing temperature is attributed
to higher reaction rates and conversions with increasing temperature (Speight, 2000). Thus,
maximum HDS and HDN activities were obtained at the highest operating temperature of 370 °C.
Overall, for all the catalysts the HDS processes exhibited higher activities than the HDN processes
under the different temperature conditions. This trend is acceptable because, it is much easier to
convert sulfur compounds with less refractory linkages than total nitrogen compounds comprising
of the most refractory compounds. Total nitrogen compounds in gas oils exist in two forms i.e.
basic and non-basic nitrogen compounds. In terms of activity, the non-basic nitrogen compounds
contribute to the low activities exhibited by total nitrogen compounds since they are less reactive
(Sano et al. 2004; Botchwey et al. 2001; Laredo et al. 2001).

Results from Figure 7.6 show that at 370 °C, the HDS activities for the
2.5Wt%Ni19wt%Mo/OCPs, 3.5Wt%Nil3wt%Mo/OCPs, and 3.5wt%Nil9wt%Mo/OCPs catalysts
were almost the same (~85%). However, these catalysts exhibited a steady increase in HDN
activities as their metal loading compositions increased. Also, from Figure 7.6, doubling the
compositions of Ni and Mo in the 2.5wt%Nil3wt%Mo/OCPs catalyst and
5.0wt%Ni26wt%Mo/OCPs catalyst did not double the conversions as in a direct scale up manner.
For HDS activities, a slight decrease (~1%) in conversion occurred when the Ni and Mo
compositions were doubled. Whereas, a slight increase (~4%) in HDN activities occurred by
doubling the metal compositions. This implies that doubling the metal compositions have
insignificant impact on the conversions and not a good choice in catalyst formulation. The
2.5Wt%Ni13wt%Mo/OCPs catalyst which has the same composition as the OCPs -supported NiMo
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catalyst used in phase 3 (Chapter 6) exhibited an enhanced HDS and HDN activity of 89% and
41% due to an improvement in both the textural properties, and percentage dispersion as well as a
reduction in the extent of reducibility. The improvement in textural properties may be attributed
to the reduction in particle size from sieving, since more chunk materials were eliminated with the
US No 60 standard series sieve used in this study verses the US No 50 standard series sieve used
in previous study. Additionally, the improvement in dispersion and reducibility may be due to the
LHSV value of 1 hr!, which was used in sulfiding the catalyst in this phase of work compared to
LHSV value of 2 hr used in sulfiding the catalysts in phase 3. Less LHSV means more contact
time between the catalyst and liquid during sulfidation, and this increases the active sites with
subsequent increase in activities.

Among all the catalysts, maximum HDS and HDN activities of 90% and 50%, respectively
were attained with the 5.0wt%Nil9wt%Mo/OCPs catalyst due to its high ability to consume
hydrogen (TPR results), and that translates to easier formation to a type Il Ni-Mo-S phase with
enhanced activity (Yin et al. 2011; Park et al. 1997). The minimum HDS (84%) and HDN (42%)
conversions were also obtained with the 2.5wt%Ni19wt%Mo/OCPs catalyst because, of its low
percentage dispersion (4.4%) coupled with it having the highest pore diameter (~13nm). Even
though this pore diameter was the highest amongst all the catalysts, it may not be the optimal. This
is because, it would allow reactant molecules to access the catalytic sites without making
maximum contact at the active sites for maximum activity results. Although the
5.0wt%Ni26wt%Mo/OCPs catalyst exhibited; the lowest percentage metal dispersion of 3.8 %,
highest reducibility temperature and had the lowest surface area of ~ 78 m?/g, these properties did
not have any negative impact on its corresponding HDS and HDN activities as a result of its high
hydrogen consumption intensity from TPR results. High hydrogen consumption translates to high
ability to form a type-11 Ni-Mo-S phase. Hence, the 5.0wt%Ni26wt%Mo/OCPs catalyst had a high
propensity of forming a type-11 Ni-Mo-S with enhanced activity as confirmed by Yin et al. 2011
(Yinetal. 2011; Park et al. 1997).
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Figure 7.6 HDS activities of NiMo/OCPs catalysts with LGO at 370, 350, and 330 °C (Catalyst =
5cm?, LHSV =2 hr, P = 9.0 MPa, and H / oil ratio = 600 (v/v)).
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Figure 7.7 HDN activities of NiMo/OCPs catalysts with LGO at 370, 350, and 330 °C (Catalyst =
5cmd, LHSV =2 hrl, P = 9.0 MPa, and Hz / oil ratio = 600 (v/v)).
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7.6 Conclusions

Variation in metal loading composition did not have any significant effect on the surface
area at low Ni composition of 2.5 wt% and Mo composition of either 13 or 19 wt% percent. Beyond
this, a decrease in surface area was obtained at constant Ni compositions (3.5 and 5.0 wt%) as Mo
composition increased from 13 to 19 wt%. Similar pore volumes (~ 0.12 cm®/g) together with
mesoporous pore diameter ranging from (10 -13 nm) were attained irrespective of the catalyst
combination type. All the different combinations of catalyst made from the arc discharge by-
products showed, high thermal stability with low weight loss (1%) within the hydrotreating
operating temperature conditions (330-370 °C) of interest. From CO-chemisorption results it was
observed that an increased in Ni composition of 5.0 wt% played a dominant role in enhancing both
the percentage metal dispersion and CO uptake as well as decreasing the crystallite sites. TPR
analysis also showed that even though the catalysts with high Ni composition of 5.0 wt%
demonstrated slight difficulties in reducibility due to their increasing reduction temperature peak,
the influence from their corresponding high hydrogen consumption surpassed that of the effect
from metal support interaction. Hence, they showed HDS and HDN activities comparable to the
remaining catalysts used in the study. Subsequently, the 5.0wt%Ni19wt%Mo/OCPs demonstrated
the highest HDS and HDN activities of 90% and 50%, respectively at 9.0 MPa pressure, 370°C
and 2 hr-1 LHSV with light gas oil. On the other hand, the 2.5wt%Ni19wt%Mo/OCP; catalyst also

displayed the lowest HDS and HDN activity for same experimental conditions.
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CHAPTER 8
Development of the NiMo/CNH catalyst for hydrotreating: Characterization,

statistical, hydrodynamics, mass transfer and kinetic studies
The content of this chapter has not been communicated with the external scientific
community in any form (oral presentation, poster presentation or journal article). This chapter will
be expatiated further for submission to two Journal articles (i.e. one involving the characterization
of catalysts and corresponding hydrotreating activity results, and the other involving the Design of

Experiments, mass transfer, kinetics and deactivation study).

Contributions to this phase of work

Emma Aryee, the Ph.D. candidate prepared and characterized all the catalysts and
conducted hydrotreating experiments under this study. Emma Aryee used central composite design
(CCD) method to design experiments for the optimization of hydrotreating operation variables.
Characterization of liquid samples, data processing, results interpretation, maintenance and
troubleshooting of hydrotreator were also done by Emma Aryee. Emma Aryee consulted with
Majak Mapiour on mass transfer and kinetic calculations. The experimental plan was critically
reviewed by my supervisors, Dr. A. K. Dalai and Dr. J. Adjaye. Drs Dalai and Adjaye also provided

suggestions and monitored the progress of this study through discussions and meetings.

Contribution of this chapter to the overall Ph.D. work

The main goal of this study is to develop the best NiMo/CNH catalyst for hydrotreating,
optimize hydrotreating process parameters and to study the hydrodynamics of the system as well
as, mass transfer resistances and kinetics involved in HDS and HDN reactions. First, the best CNH
supported catalyst was tested in a pelletized form to determine if there is any variation in activity
between the powdered and pelletized catalyst. Second, the effect of a secondary additive,
phosphorus (P) in the best catalyst was tested further to investigate its impact on HDS and HDN
activities. As a result, this chapter would provide information on how different Ni and Mo
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combinations on CNH-supported catalysts affects hydrotreating performance. In addition, the
effects of pelletization on hydrotreating activities using the best NiMo/CNH catalyst would be
insightful. The role of a secondary additive (P) on the hydrotreating performance would also be
evaluated. Information from this chapter would also help to determine if a carbon-supported
catalyst would satisfy the hydrodynamics of a trickle-bed reactor in hydrotreating applications.
Mass transfer calculation results would provide awareness as to whether the HDS and HDN
reaction rates are limited by mass transfer or not. Information about kinetic parameters such as rate
constant, order of reaction and activation energy would be made available through the evaluation
of the Power Law model. This chapter would also provide information on the long-term (> 45
days) stability of the best NiMo/CNH catalyst for HDS and HDN reactions.

8.1 Abstract

A co-impregnation method was used to formulate three different catalysts loaded with Ni
and Mo for hydrotreating of light gas oil. Mo loading was maintained constant at 19 wt% whereas,
the Ni concentrations varied from 2.5 to 5.0 wt% in these catalysts. The 3.5Niwt%19wt%Mo/CNH
catalyst gave the highest HDS and HDN activities of 95% and 66%, respectively after
hydrotreating. However, lower HDS (91%) and HDN (57%) activities were obtained using this
same catalyst in a pelletized form, indicating mass transfer resistances in the pelletized catalyst. A
phosphorus-doped catalyst prepared with similar Ni and Mo loading on the best catalyst but having
(phosphorus as an additive) resulted in HDS and HDN activities of 89% and 75% respectively.
This indicated that, the addictive significantly increased the HDN reaction by creating new
Bronsted acid sites that enhanced C-N bond breaking which happens to be the rate determining
step in HDN reactions. The hydrodynamics of the reactor using the powdered
3.5Niwt%19wt%Mo/CNH catalyst was tested, and it was found that the effect of high back mixing,
poor catalyst wetting, and wall effect could be negligible. A central composite design of
experiment was used in determining the optimum process condition for hydrotreating using the
best catalyst formulation. The order of reaction and activation energy for HDS and HDN reactions
were found to be 1.4 and 64 kJ/mol, and 1.0 and 92 kJ/mol, respectively.
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8.2 Introduction

Hydrotreating is one of the most common technologies used in the refinery to generate
cleaner fuels. Hydrotreating processes continue to progress due to increasing demand to process
feedstocks heavily contaminated with impurities such as nitrogen, sulfur, and aromatic compounds
as well as, the need to meet stricter environmental regulations. Since the hydrotreating process is
catalytically driven, refineries and researchers are compelled to develop active catalyst that could
be effectively used to achieve better hydrotreating activities. Transition metal sulfides such as Mo,
Co, Ni, and W are the most common components present in a hydrotreating catalyst due to their
availability, low cost, and their ability to yield higher hydrodenitrogenation (HDN),
hydrodesulfurization (HDS), and hydrogenation (HYD) activities over years (Leliveld and
Eijsbouts, 2008). A typical commercial hydrotreating catalyst is made up of promoted MoS: or
WS particles that are spread on a high surface area support. Under typical hydrotreating operating
conditions, these highly active MoS: crystallites occur as single layer S-Mo-S and their average
size is approximately 2-3 nm. Addition of small fraction of either Ni and Co relative to the amount
of Mo used, increases the reactivity of the catalyst. Determining the optimal combination of Ni
and Mo compositions in a hydrotreating catalyst is a positive step towards catalyst development.
Secondary promoters (phosphorus, boron and fluorine) are sometimes added to the catalyst
systems to enhance the catalysts activity and selectivity (Sigurdson et al. 2008; Maity et al. 2005;
Klimov et al. 2018). The catalysts physicochemical properties can be strongly affected after the
addition of phosphorus since, numerous research work over the years have demonstrated that
addition of phosphorus to the catalyst can alter the catalysts structural properties, modify the type
of Ni in the catalyst by enhancing the octahedral nickel present in the catalyst and improve
hydrotreating activities by transforming Type | Ni-Mo-S phase to a Type Il Ni-Mo-S phase.
Addition of phosphorus has been known to enhance the reducibility and dispersion of metal species
(Mo, Ni (Co)) and increases both the number of stacks and MoS; slab size (Maity et al. 2003;
Antanasova et al. 1997; Eijsbouts et al. 1991; Zeuthen et al. 1991; Spojakina et al. 1989; Atanasova
et al. 1988).

Due to the complexity of the hydrotreating process and the interdependence of
hydrotreating operating parameters like temperature, pressure and LHSV on HDS and HDN
activities, the central composite design method can be used to study the impact of operating

parameters on hydrotreating activities. The presence of both internal and external mass transfer
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resistances can have constraining effects on the reaction rate, rate of conversion, product formation
and on the overall hydrotreating performance. Ability to disregard both internal and external mass
transfer resistances is important to efficiently evaluate the intrinsic kinetics in a trickle-bed reactor.
Catalyst deactivation is also a crucial problem to deal with since they affect the longevity of the
active catalyst. For instance, it is known that promoter metals such as Ni or Co starts to detach
from Mo once, sulfidation is completed and subsequent utilization of the catalyst progresses. It is
therefore important to have a catalyst that could endure longer cycle lengths whilst achieving clean
fuel specification goals (Vogelaar et al. 2010, Leliveld and Eijsbouts, 2008). This present work
therefore addresses (i) the best Ni and Mo combination that can enhance HDS and HDN activities
(ii) the effect of using a catalyst in a powdered vs pelletized form on hydrotreating performance
(iii) the consequences of using a phosphorus doped catalyst for hydrotreating (iv) the optimized
operating variables that can enhance HDS and HDN activities and (iv) whether the negligibility of

mass transfer resistances assumption in HDS and HDN reactions is valid.

8.3 Experimental Method
8.3.1 Catalyst preparations, hydrotreating experiments and statistical analysis method

Four catalysts were prepared using CNH material that had already been functionalized by
the method and conditions described in Chapters 5 and 6. An incipient wetness co-impregnation
method was used in impregnating respective compositions of metals on the functionalized CNH
support. For the series of NiMo/CNH catalysts that were produced, Ni concentration was varied
from 2.5 to 5.0 wt% whereas, the Mo loading was kept constant at 19 wt%. Ammonium
heptamolybdate [(NH4)sM07024.4H20] and nickel nitrate [Ni(NOz)2.6H20] were used as precursor
solutions. Once catalyst formulation, drying and calcination were done, the samples were stored
in a vial in preparation for the corresponding hydrotreating experiments. The prepared catalysts
were designated as XNiyMo/CNH where X, and y are the wt% of Ni and Mo impregnated on the
support. The catalysts were further calcined to transform the OH groups that occurred as a result
of catalyst formulation into oxide groups. After running a series of hydrotreating experiments with
these calcined powdered catalysts, the HDS and HDN activities of these catalyst demonstrated that
higher hydrotreating performance was achieved with the 3.5wt%Ni19wt%Mo/CNH catalyst. The
d50 value for the powdered 3.5wt%Ni19wt%Mo/CNH catalyst was found to be approximately 0.1

mm, and this particle size was used for hydrodynamics and mass transfer calculations since it was
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equivalent to the average particle size. The particle size distribution of the
3.5Wt%Ni19wt%Mo/CNH catalyst is also shown in Figure 8.1. This was determined using a
Mastersizer instrument. A pelletized form of the 3.5wt%Ni19wt%Mo/CNH catalyst was made
after, compressing some quantity of its calcined catalyst in powdered form into a form of a disc
using a Carver hydraulic press. Approximately 67000 N force was exerted, and no binder was used
during pelletization. Thereafter, pellets were made using the US number 12 standard sieve series.
The size of the pellets was approximately 1.8 mm. The pelletized catalyst was denoted as
XNiyMo/CNH (pel) where, x and y are the wt% of Ni and Mo which was the same as the

concentrations in the best catalyst whereas, pel means pelletized.
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Figure 8.1 Particle size distribution of 3.5Wt%Ni19wt%Mo/CNH catalyst.

A phosphorus doped catalyst was subsequently prepared with similar Ni and Mo
compositions as the 3.5wt%Nil9wt%Mo/CNH catalyst but having an additional secondary
promoter (P). For this catalyst, the concentration of phosphorus used was 2.0 wt% hence, required
amounts of nickel nitrate, ammonium heptamolybdate and phosphoric acid (HsPO4) were co-
impregnated on a functionalized CNH support material. The prepared catalyst was denoted as
XxNiyMozP/CNH where X, y, z represented the wt% of Ni, Mo and P, respectively, on the catalyst.
For each of the hydrotreating experiments, 5 ml of the catalyst that had been prepared was loaded

in a micro-trickle bed reactor. The hydrotreating feed was light gas oil. Details on catalyst
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preparation method and hydrotreating experimental method can be found in Chapters 5, 6, and 7.
A schematic of the hydrotreater is also shown in chapter 1.

Optimization of hydrotreating process variables was done with the aid of a response surface
methodology (i.e. the central composite design of experiment method) in Minitab18. Three design
factors were considered i.e. temperature (°C), pressure (MPa) and LHSV (hr?), and the response
variables for this design were the percent sulfur and nitrogen removal after the hydrotreating of
light gas oil. 50 mL/min of hydrogen flow rate was kept constant for all the runs. Table 8.1 shows
the coded levels and actual values of designed factors. Based on the design factors, 20

hydrotreating experimental runs were conducted.

Table 8.1 Design levels (coded and uncoded) for design of experiment.

Variable Symbol Coded level

-1 0 1
Temperature (°C) T 330 350 370
Pressure (MPa) P 8.3 9.0 9.7
Liquid hourly space velocity (hr?) LHSV 1 1.5 2

8.4 Characterization

Characterization of the catalyst samples were accomplished with CO-chemisorption, BET,
XRD, and TPR techniques. Antek NS analyzer was used to determine the N and S content in gas
oils before and after hydrotreating with the ASTM D4629 and ASTM D5463, respectively.
Information about these techniques and sample analysis procedures can be found in Chapter 3 of
this thesis. The samples were analyzed multiple times to establish average values and, the standard

deviation, given in Results and Discussion section.

8.5 Results and discussion

8.5.1 Textural properties of pristine CNH, functionalized CNH and NiMo/CNH and P-doped
NiMo/CNH catalysts
The textural properties result of all catalysts used in this study can be found in Table 8.2.

Comparison of the pristine CNH to the functionalized CNH, shows that functionalization resulted
in an increase in pore volume and surface area as well as a decline in pore diameter. This trend
was similar to, those observed and presented in Chapters 5 and 6 about the effect of
functionalization on pristine CNH samples. Relative to the functionalized CNH sample, an

increase in pore diameter and a decrease in both surface area and pore volume were obtained for
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all the catalyst samples. Mesopores were obtained for all catalysts with the exception of the
phosphorus doped catalyst. All the catalysts showed an average pore volume of ~ 0.48 cm®/g. The
40% decrease in pore volume for the P-doped catalyst can be attributed to the collapse of pore
walls as a result of the harsh impact from the phosphoric acid precursor used in preparing the P-
doped catalysts. This consequently led to a reduction in surface area of the P-doped catalyst as
compared to the 3.5wt%Nil9wt%Mo/CNH catalyst without P. The pore diameter of the
3.5wWt%Ni19wt%Mo/CNH catalyst however remained the same with and without phosphorus.
From, Table 8.2 it was observed that for the NiMo/CNH catalysts, increasing Ni loading from 2.5
to 5.0 wt% resulted in an increase in surface area, and this is ascribed to the formation of small

crystallite size MoOs with higher Ni loadings (Badoga et al. 2014).

Table 8.2 Textural properties of pristine CNH, functionalized CNH and NiMo/CNH and P-
doped NiMo/CNH catalysts.

Samples BET SA Pore Volume Pore diameter
(m?/g) (cm®/g) (nm)
Pristine CNH 158 + 1 0.65+0.01 20.1+0.1
Functionalized CNH 724 +1 0.88 £ 0.01 11.7+£0.1
2.5wWt%Ni19wt%Mo/CNH 240+ 2 0.49 +0.02 15.6 £0.2
3.5wt%Ni19wt%Mo/CNH 250+ 2 0.47 £0.01 146 £0.1
5.0wt%Ni19wt%Mo/CNH 345+2 0.49+0.01 135+0.2
3.5wWt%Ni19wt%Mo2.0wt%P/CNH 197 + 2 0.29+£0.01 14.7+0.1

8.5.2 Examination of XRD patterns
The XRD patterns of all the catalysts can be seen in Figure 8.2. The strong characteristic

peak with highest intensity at 20 = ~ 26° corresponded to an overlapped peak characteristic of
either carbon or M0Os. The thin width of this predominant 20 =~ 26° peak on the P-doped catalyst
as compared to the remaining catalyst under study indicates that, this peak is more representative
of just a carbon characteristic peak since, overall metal dispersion was highly enhanced on P-doped
catalyst as compared to the remaining catalysts under study. Unlike the P-doped catalyst, other
small distinct characteristic peaks were observed from all the remaining catalysts at 26 = ~ 37°,
44° and 54°. The peaks at 20 = ~ 37° and ~ 44° are related to NiO characteristic diffraction peaks
whereas, the peak at 20 = ~ 54° corresponded to NiMoO4 characteristic diffraction peak (JCPDS
card numbers: 78-0429, 33-0948). The peak at 20 = ~ 44° was even more pronounced on the
5.0wt%Ni19wt%Mo/CNH catalyst as compared to the 2.5wt%Nil9wt%Mo/CNH and
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3.5Wt%Ni19wt%Mo2wt%/CNH catalyst. Based on these observations it can be inferred that
dispersion of NiO and NiMoOs were not well dispersed on the 2.5wt%Nil9wt%/CNH and
3.5Wt%Ni19wt%/CNH catalysts and even poorly dispersed on the 5.0wt%Ni19wt%/CNH catalyst
relative to the P-doped catalyst.

5.0wt%Ni19wt%Mo/CNH
7 3.5wt%Ni19wt%Mo2.0P/CNH

3.5wt%Ni19wt%Mo/CNH
2.5wt%Ni19wt%Mo/CNH

N _n A

Intensity (a.u.)

1

10 20 30 40 50 60 70 80 90
Two Theta (degree)

Figure 8.2 XRD patterns of NiMo/CNH and P-doped NiMo/CNH catalysts.

8.5.3 CO-chemisorption analysis of catalysts

Table 8.3 shows the results of CO-chemisorption analysis of all catalysts used in this study.
For each sample the analysis was conducted 3 times and the results were repeatable. From Table
8.3 it can be inferred that at constant Mo composition, increasing Ni loading from 2.5 to 3.5 wt%
enhanced both the redistribution of MoOz and formation of small crystallite since, the metal
dispersion and co-uptake increased with increasing Ni content whereas, the crystallite size
decreased with increasing Ni loading (Badoga et al. 2014). Additional increase in Ni loading from
3.5 to 5.0 wt% as (e.g. the 5.0wt%Ni19wt%Mo/CNH catalyst), counteracted the enhanced
dispersion effect caused by increasing Ni loading. This is because although MoOz dispersion might
have been improved, the high 5.0 wt% Ni content in the catalyst was an added disadvantage to the
catalyst since, it led to a poor dispersion of NiO and NiMoO4 as confirmed by the XRD analysis.
Thus, the decrease in dispersion and increase in crystallite size as Ni loading increased from 3.5

wt% to 5.0 wt% can be associated with the poor dispersion of NiO and NiMoOQOas. Results from

148



Table 8.3 also showed that there was better metal dispersion, CO uptake and smaller crystallite
size for the P-doped 3.5Wt%Ni19wt%Mo/CNH catalyst and agrees with the XRD results in Figure
8.1.

Table 8.3 CO chemisorption results of various NiMo/CNH catalysts.

Catalyst Metal Dispersion CO Adsorbed  Crystallite Size
(%) (pmol/g) (hm)
2.5Wt%Ni19wt%Mo/CNH 85+0.2 206 =2 146 +0.2
3.5wt%Ni19wt%Mo/CNH 93+0.1 238+1 13.3+0.1
5.0wt%Ni19wt%Mo/CNH 71+0.1 2021 171+0.1
3.5wt%Ni19wt%Mo2.0wt%P/CNH 9.2+0.1 2381 134+0.1

8.5.4 TPR analysis of catalysts

The TPR analysis of all the catalysts used in this work is shown in Figure 8.3. From Figure
8.3 it was noted that reducibility of MoOs occurred in two steps. The first step with low reduction
peak temperature was in the range of ~330 to 400 °C whereas, the second step with high reduction
peak temperature was found within the range of ~480 to 600 °C. The two-step mechanism for
MoOs reduction is illustrated as follows: (i) MoOs + H2 — MoO2 + H20 (ii) MoO2 + 2H, — Mo
+ 2H,0 (Brito and Laine, 1989). Based on the first reduction peak, the reducibility of all catalysts
under study decreased in this order:
3.5wWt%Ni19wt%Mo2.0wt%P/CNH (~348 °C) > 3.5wt%Ni19wt%Mo/CNH (~351°C)
> 5.0wt%Ni19wt%Mo/CNH (~358°C) > 2.5wt%Ni19wt%Mo/CNH (~357°C).

The trend implied that the P-doped catalyst, which exhibited the lowest peak temperature,
was more likely to form reducible species with possibly less metal support interaction as compared
to the rest of the catalysts. Additionally, From Figure 8.3, it was observed that the
3.5Wt%Nil9wt%Mo/CNH had a larger peak area which translates to higher hydrogen
consumption. Thus, with its lowest reduction peak of ~351 °C, it is more likely to form highly
dispersed and reducible Ni and Mo species as compared to, the other remaining catalysts that were
not doped with phosphorous. Formation of easily reducible species have a weakening effect on
metal-support-interaction since, this phenomenon enhances the stacking of synergetic NiMoS
phases (Shan et al. 2018).
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Figure 8.3 TPR profiles of a) 3.5wt%Nil9wt%Mo/CNH, b) 2.5wt%Nil9wt%Mo/CNH, c)
5.0wt%Ni19wt%Mo/CNH and d) 3.5wt%Nil9wt%Mo2.0wt%P/CNH.

8.5.5 HDS and HDN activities

The HDS and HDN results of the catalysts are shown in Figures 8.4 and 8.5. In general,
among the catalysts that were not doped with phosphorus, the highest HDS and HDN activities
were achieved with the 3.5wt%Ni19wt%Mo/CNH. This catalyst was therefore identified as the
best formulated catalyst. The high HDS and HDN activities demonstrated by the
3.5wWt%Ni19wt%Mo/CNH catalyst as compared to the rest of the catalyst without phosphorus
doping can be attributed to the highest % dispersion displayed by this catalyst as well as its ability
to form easily reducible species with enhanced stacking of NiMoS phases. The
5.0wt%Ni19wt%Mo/CNH catalyst exhibited the lowest HDS and HDN activities among all the
catalysts and this was due to its poor metal dispersion revealed by both CO-chemisorption and
XRD analysis. Besides, even though the peak reduction temperatures of the
5.0wt%Ni19wt%Mo/CNH and 2.5wt%Nil9wt%Mo/CNH catalysts were almost the same, the
large reduction peak area in the 2.5wt%Nil19wt%Mo/CNH catalyst which signified high hydrogen
consumption and easier formation of a Type Il NiMoS phase caused both HDS and HDN activities
for the 2.5wt%Ni19wt%Mo/CNH catalyst to surpass that of the 5.0wt%Ni19wt%Mo/CNH. From
CO chemisorption results, the 2.5wt%Nil19wt%Mo/CNH catalyst showed high dispersion than the
5.0wt%Ni19wt%Mo/CNH catalyst. Thus, the high dispersion also influenced the achievement of

150



enhanced HDS and HDN activities for the 2.5wt%Ni19wt%Mo/CNH catalyst over
the 5.0wt%Ni19wt%Mo/CNH catalyst.

100 = @ 2.5wittoNi19wt®eMo/CNH B3.5witeNi19wtteMo/CNH

B 5.0wt%oNi19wt%eMo/CNH O3.5wit2eNi19wt2eMo2.0wt2eP/CNH
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90 A

80 A
70 -
60 -
50 4

40 -

Sulfur Conversion (%)

30 -

20 A

10 4

Temperature (°C)

Figure 8.4 HDS activities of a) 2.5wt%Nil9wt%Mo/CNH, b) 3.5wt%Nil9wt%Mo/CNH,
c) 5.0wt%Ni19wt%Mo/CNH and d) 3.5wt%Nil9wt%Mo2.0wt%P/CNH

and e) 3.5wt%Ni19wt%Mo/CNH (pel) catalysts using LGO at 370, 350, and 330 °C

(Catalyst =5 cm3, P = 9.0 MPa, LHSV = 2 hr, and Hz / oil ratio = 600 (V/V)).
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Figure 8.5 HDN activities of a) 2.5wt%Nil9wt%Mo/CNH, b) 3.5wt%Nil9wt%Mo/CNH,
c) 5.0wt%Ni19wt%Mo/CNH and d) 3.5wt%Nil9wt%Mo2.0wt%P/CNH and

e) 3.5Wt%Ni19wt%Mo/CNH (pel) catalysts using LGO at 370, 350 and 330 °C

(Catalyst =5 cm? P = 9.0 MPa, LHSV = 2 hr!, and Hz / oil ratio = 600 (v/v)).

From Figures 8.4 and 8.5, HDS and HDN activities of a pelletized form of the best catalyst
(3.5Wt%Ni19wt%Mo/CNH) resulted in a reduction in both HDS and HDN activities. The decrease
was also more pronounced for the HDN activity than the HDS activity. Since no binder was used
in pelletizing this catalyst, the reason behind the decrease in HDS and HDN activities could be
because, the normalized BET surface area (NSger) of the 3.5wWt%Nil9wt%Mo/CNH catalyst in
powdered form was higher than that of the pelletized catalyst. As demonstrated by Boahene et al.
2014, the normalized BET can be used to estimate the possibility of pore blockage during metal
loading and a value close to unity corresponds to minimal probability of pore blockage. From their
work, the NSget of their pelletized catalyst without binder showed less NSget value than the
powdered form of the catalyst, and therefore had a high ability to experience pore blockage. Pore
blockage causes diffusional limitations during hydrotreating and subsequently have a negative
impact on hydrotreating activities. Therefore, the low HDS and HDN activities demonstrated by
the pelletized 3.5wt%Ni19wt%Mo/CNH catalyst justify the reason why it was not necessary to

run the all catalyst under this research study in a pelletized form. Compared to a pelletized catalyst,
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this information also debunks the idea that with time, the activity of the powdered catalyst would
decrease since the powder may be washed off before the catalyst losses its activity.

The phosphorus doped catalyst showed a reduction in HDS activity and a notable increase
in HDN activities as compared to the best catalyst without phosphorus. As revealed by the study
done by Sigurdson et al. (2008), the reason behind the high HDN activity of the phosphorus doped
catalyst in comparison to all the catalyst under study was more related to enhanced acidity than
the increase in dispersion accompanied with increase number of surface acid sites from a P-doped
catalyst. In their work, it was noted that the addition of phosphorus to the catalyst affected the
mechanism as well as the rate determining step of the HDS and HDN reaction. The HDS and HDN
mechanisms are governed by two key steps that is hydrogenation (HYD) and hydrogenolysis (C-
S or C-N bond breaking). These steps however happen on different sites because, HYD is known
to occur on metal sulfide sites having sulfur vacancies whereas, hydrogenolysis occurs on Bronsted
acid sites that could originate from the contribution from the phosphate promoter or H,S adsorption
of on metal sulfide. For HDN reactions, the C-N bond breaking is the rate determining step because
it is the slowest step. Meanwhile, the C-S bond in HDS reactions mainly originated from organic
sulfur compounds, which are comparatively weaker than C-N bonds and therefore not the rate
limiting step. Due to the simultaneous HDS and HDN reactions that occur during hydrotreating, it
was realized that use of a P-doped catalyst created additional new Bronsted acid sites that enhanced
C-N bond breaking which is the rate limiting step and consequently boosted the activity of HDN
to a upper level than the HDS activity (Sigurdson et al. 2008). In other findings, a phosphorus
doped catalyst enhanced both HDS and HDN reactions since, it resulted in an enhancement of
octahedrally coordinated Ni?* that are usually the precursors to the active phase in HDS and HDN
(Jones et al. 1995: Antanasova and Halachev, 1989). Appendix H also contains information about
the effect of using the best catalyst (3.5wt%Ni19wt%Mo/CNH) and heavy gas oil on HDS and
HDN activities.

8.5.6 Statistical analysis

The results of the experimental runs are shown in Table 8.4. As noted in Table 8.4, the
repeated runs (5, 6, 14, 16, 17, 20) were conducted at the same operating conditions. However,
there was a slight deviation in their respective % nitrogen and % sulfur removal which can be

attributed to the instrumental error of + 4% from analysis. For run 17, the 73% nitrogen removal
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value compared to the values from the other runs at similar conditions is an indication that this

value is an outlier which is likely based on experimental error.

Table 8.4 Results of nitrogen removal and sulfur removal percentages based on DOE.

Temperature Pressure LHSV % Nitrogen %Sulphur
RunOrder (°C) (MPa) (hr?t) removal removal
1 330 8.3 1.0 48.2 725
2 316 9.0 15 33.8 63.9
3 350 9.0 0.7 92.5 88.8
4 370 8.3 2.0 65.7 87.8
5 350 9.0 15 64.7 84.5
6 350 9.0 15 67.9 85.5
7 330 9.7 1.0 66.1 81.7
8 330 9.7 2.0 39.1 70.2
9 370 9.7 2.0 78.0 91.3
10 370 9.7 1.0 96.0 95.2
11 370 8.3 1.0 87.5 90.5
12 350 9.0 2.3 52.6 81.0
13 350 7.8 1.5 57.7 83.2
14 350 9.0 15 65.1 83.9
15 350 10.1 1.5 715 86.5
16 350 9.0 15 69.7 88.1
17 350 9.0 15 73.4 86.9
18 384 9.0 15 93.4 95.1
19 330 8.3 2.0 318 68.2
20 350 9.0 15 66.9 83.8

An initial test for normality to determine if the data follows a normal distribution showed
that the % nitrogen removal results gave a P-value of 0.339 and therefore normally distributed (P-
value > 0.05). In the case of % sulfur removal the test for normality gave a P-value of 0.03 which
was close to normality. Box-cox transformation was therefore applied on the % sulfur removal
results using lambda (A) values of 0.5 (square root), 0 (log) and -1 (inverse) to ensure that the data
provided a reliable lack of fit test results. These A values gave equivalent P-values of 0.017, 0.009
and < 0.005. Other values of A that were tried included the optimal A value of, 4.54, which gave
uncharacteristically high standard deviations (> than 10%). This implies that Box-cox
transformation is not always the panacea for all model problems. Based on box-cox transformation
results, the original % sulfur removal data generated from experiment was used in constructing the

model. The experimental results gathered for both % nitrogen and % sulphur removal was analyzed
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with the aid of a response surface methodology in Minitab 18. The lack of fit test aimed at
determining the reliability of the nitrogen and sulfur models was evaluated using ANOVA.

The Pareto chart results for both % sulfur and nitrogen removal in Appendix D which was
based on an initial lack-of-fit test results with all terms included in the model, validated that only
four of the horizontal blocks were above the Pareto threshold of 2.23 and implied that these were
the significant factors. In terms of the level of significance of the main independent factors, the
Pareto charts (Figure D.1 and D.2) also showed that A (Temperature) was the most significant
factor, followed by C (LHSV), and then B (pressure). As a result of this information, after the
insignificant terms had been dropped, the quadratic regression models that were finally fitted to
the experimental data for % sulfur and % nitrogen removal can be represented by Equations 8.1
and 8.2.

% Sulfur Removal = —767 + 4.322 T + 2.606 P — 5.23 LHSV — 0.00552T? ...8.1

% Nitrogen Removal = —908 + 4.50 T + 7.23 P — 22.01 LHSV — 0.00517 T? ....8.2

where,
T = Temperature (°C)
P = Pressure (MPa)
LHSV = Liquid hourly space velocity (hr?)

The empirical correlations (Equation 8.1 and 8.2) imply that % sulfur removal and %
nitrogen removal are dependent on temperature, LHSV, and pressure. Out of these factors, the
catalyst used depend on temperature and pressure since prolonged exposure to temperature can
lead to loss of catalytic activity due to thermal sintering. Additionally, use of powdered catalyst
can cause clogging and excessive pressure drop during reaction (Fogler 2006; Satterfield 1991).
The parity plots for % sulfur and nitrogen removal can be found in Appendix D.

Tables 8.5 and 8.6 shows the ANOVA results obtained for the lack-of-fit test for % sulfur
and nitrogen removal. The lack-of-fit test signifies whether the constructed model can best be
described with the experimental data. From statistical perspective, the p value columns in both
tables is important since, it helps to determine the importance of the factors contributing to the
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model. Independent and dependent variables with p values greater than 0.05 have insignificant
contribution to the model, and therefore can be eliminated from the model at 95% confidence

interval.

Table 8.5 ANOVA analysis results for response surface quadratic model of % sulfur removal
with 3.5Ni19Mo/CNH catalyst.

HDS

Source Degree of Freedom Sum of Squares Mean Squares F value P value
Model 4 1347.6 336.9 94.7 0.000
T 1 1137.2 1137.2 319.6  0.000
P 1 45.4 45.4 12.8 0.003
LHSV 1 934 93.4 26.3 0.000
™T 1 71.6 71.6 20.1 0.000
Lack of fit 10 38.4 3.8 1.3 0.416
Pureerror 5 15.0 3.0
Total 19 1401.0

Model summary of R-squared statistics
R-sq 0.96
R-sq (Adj) 0.95
R-sq (Pre) 0.93

Table 8.6 ANOVA analysis results for response surface quadratic model of % nitrogen
removal with 3.5Ni19Mo/CNH catalyst.

HDN

Source Degree of Freedom Sum of Squares Mean Squares F value P value
Model 4 6364.85 1591.21 120.89 0.000
T 1 4297.17 4297.17 326.46  0.000
P 1 350.25 350.25 26.61 0.000
LHSV 1 1654.73 1654.73 125.71  0.000
T*T 1 62.70 62.70 4.76 0.045
Lack of fit 10 144.41 14.44 1.36 0.386
Pureerror 5 53.04 10.61
Total 19 6562.9

Model summary of R-squared statistics
R-sq 0.97
R-sq (Adj) 0.96
R-sq (Pre) 0.94

This suggests that from Table 8.5 and 8.6, temperature, pressure, LHSV, and temperature
squared are significant factors that should be included in the model. The lack-of-fit p-value is also

a vital parameter since, a value of less than 0.05 is significant and means that there is a statistical
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evidence that there is no fit between the model and data at 95% confidence interval. This implies
that the model does not adequately describe the data at this level. From Table 8.5 and 8.6, The p
values for the lack-of-fit for % sulfur and nitrogen removal were 0.416 and 0.386, respectively and
therefore an indication that lack-of-fit is not significant. This implies that the models for both %
sulfur and nitrogen removal are good and fit the experimental data well.

Also, the results from Table 8.5 and 8.6 as well as the Pareto charts in Appendix D indicated
that independent variables like temperature, pressure or LHSV had significant impact on % sulfur
and nitrogen removal regression models due to their p values which were less than 0.05. The
presence of square terms in Tables 8.5 and 8.6 with significant p values < 0.05 such as (T*T) point
out that, that there is slight curvature in the data (model). Central composite design normally
captures curvature inside and outside of the design cube due to the addition of center points
augmented with axial points. The R-squared statistics value is also used to assess the extent of the
goodness of fit for the developed model and signifies the overall variability percentage in the
response variable that is predicted by independent variable(s). In terms of the model, a fit that
matches the experimental data perfectly gives an R?value close to 1. As shown in Table 8.5 and
8.6 the R-squared values for both % sulfur (0.96) and % nitrogen (0.97) removal were nearly 1
and therefore indicates that the model agrees well with the experimental data. In addition, the
respective R? values meant that 96% of the sulfur removal results are being predicted by the
independent variables whereas 97% of the nitrogen removal results are being predicted by the
independent variables. The ratio of mean square for individual term to the mean square for the
residuals gives the F-value for the model, and the null hypothesis can be tested using the
probability of the F-statistics value (prob > F value) (Ferdous et al. 2005; Sadhukhan et al. 2016).

From Figure 8.6, the main effects plots for % sulfur removal indicates that temperature has
a pronounced effect on % sulfur removal. Increasing temperature also increases % sulfur removal
drastically. Variation of pressure had minimal impact on the % sulfur removal. It was also observed
variation of LHSV had a slight impact on % sulfur removal although, the % sulfur removal
decreased steadily with increasing LHSV. As shown in Figure 8.7, temperature and LHSV had a
major impact on % nitrogen removal. Additionally, % nitrogen removal increased drastically with
an increase in temperature and a decrease in LHSV. Variation in pressure also had a minimal effect
on the % nitrogen removal. Check Appendix D for the interaction plots for both % sulfur and

nitrogen removal.
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Figure 8.6 Main effects plot for % sulfur removal.
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Figure 8.7 Main effects plot for % nitrogen removal.
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The contour plots in Figures 8.8 and 8.9 show that % sulfur and nitrogen removal are high
at the following combinations of conditions i.e. high temperature and high pressure, high

temperature and low LHSV as well as high pressure and low LHSV.

LHSV*T % Sulfur

removal

< 60
70

10.0

60 -
| 70 - 80
80 - 90
[ ] > 90

Hold Values
T 350
P 9
LHSV 15

9.5

9.0

8.5

8.0

2.0

15

1.0

Figure 8.8 Contour Plots for % sulfur removal.
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Figure 8.9 Contour plots for % nitrogen removal.
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Table 8.7 includes the optimized hydroprocessing variables that could maximize the HDS
and HDN activities in hydrotreating. The original optimized variables for 95% HDS and 96%
HDN from the regression models were a temperature of 384 °C, pressure of 10.1 MPa and LHSV
of 0.66 hrl. Although this reasonable temperature and less LHSV may lead to more conversion
and more product quantity, the pressure seems to be excessive and may impact the hydrotreating
process negatively. The high pressure might also not be cost effective in commercial hydrotreating.
As such other recommended scenario for achieving 95% HDS and 98% HDN reactions have been
highlighted in Table 8.7.

Table 8.7 Optimum operating condition for
maximization of sulfur and nitrogen removal.

HDS | HDN | HDS | HDN
Target 95% | 96% | 95% | 98%
Temperature (°C) 384 369
Pressure (MPa) 10.1 9.0
LHSV (hr?) 0.66 0.82

8.5.7 Hydrodynamics of a trickle-bed reactor

Kinetic studies are usually conducted under the basic assumption that operating system
satisfies plug flow and isothermal conditions. However, hydrodynamics related factors such as
backmixing, catalyst wetting, and wall effects can significantly cause trickle-bed reactors
(laboratory- scale) to deviate from conditions of isothermality and plug flow. As a result, during
catalyst loading, the catalyst bed was diluted with an inert material such as silicon carbide (SiC)
to limit these hydrodynamic effects (Bej et al. 2001). Axial dispersion or backmixing especially,
when not checked in a liquid phase for hydrotreating process conducted in a micro reactor with
high conversion and small catalyst bed length, could have a negative impact on the catalyst
screening results and further kinetics analysis based on plug flow conditions. The effect could
contribute to serious deviations in reactor scale up. Complete wetting of the catalyst ensures that
during the hydrotreating process reaction only occurs between the reacting components that are in
the liquid phase and are in contact with the surface of the catalyst. Ability to have all the catalyst
particles in the reactor completely covered by the flowing liquid as in complete wetting
additionally, maximizes the utilization of the catalyst during reaction. A partially wet catalyst

could lead to feed by-pass and restricts the catalyst performance. Wall effect is usually not a major
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problem in commercial hydrotreating since, the reactor diameter is excessively larger than the size
of the catalyst particles.

Presence of wall effect becomes worrisome when pilot-plant reactors with relatively large
catalyst particle size is used in small reactors (Chen et al. 2009). An evaluation of the
hydrodynamics of the reactor with the 3.5wt%Ni19wt%Mo/CNH catalyst, with and without SiC
was done based on the criteria’s enumerated in Table 8.8. Complete wetting of catalyst and plug
flow condition was determined using Gierman’s criteria whereas, the criteria determined by Chuzf
and Ng, 1989 was used to calculate the wall effect (Chen et al. 2009; Carberry 1963, Gierman,
1988, Chuzf and Ng, 1989). From Table 8.8, it can be inferred that backmixing, wetting, and wall
effects are negligible since they satisfied the conditions of the criteria. In addition, plug flow
condition can be assumed to exist. All calculations that were used in testing the various criterions

in Table 8.8 can be found in Appendix E.

Table 8.8 Hydrodynamics of a trickle-bed reactor using a carbon (CNH)-supported catalyst.

Phenomena | Criteria Calculated Calculated Remarks:
results under criteria under | Negligibility
undiluted diluted of this criteria
conditions conditions under diluted

conditions

Backmixing Ly > 100 1000 613 Yes, negligible

dpe

Wetting w= A« 4.16 * 10* 1.57 * 10 No, Complete

pLdjed wetting
* 1076

Wall effect Dr S 28 140 86 Yes, negligible

dpe

Plug flow Lg  8n 1 1000>441(HDS) | 613>441(HDS) | No, plug flow

d_pe > ELln (1-x) |1000>277(HDN) | 613>277(HDN) | exist

8.5.8 Mass transfer resistances for the HDS/HDN reactions

In heterogeneous catalysis, the catalytic reaction steps in a trickle bed reactor can be

described by the seven steps listed below (Fogler, 2006).

1. Mass transfer (diffusion) of reactant (s) from the bulk of the fluid to the outer

surface of the catalyst pellet.

2. Diffusion of the reactant from the catalyst pore mouth, through the pores of the catalyst and to

161




the immediate environment of the catalyst internal surface.
3. Adsorption of reactant onto the surface of the catalyst.
4. Reaction on the catalyst surface.
5. Desorption of the products from surface of the catalyst.
6. Diffusion of the products from the interior of the pellet, through the pore mouth and to the
external surface of the catalyst.
7. Mass transfer of the products from the external surface of the pellet to the bulk fluid.
From the catalytic steps enumerated above, steps 1, 2, 6, and 7 are diffusion steps whereas, steps
3, 4 and 5 are the reaction steps (Fogler, 2006). In order to get reliable kinetic data, it is important
to eliminate the effects of external and internal mass transfer resistances since the overall kinetic
is governed by both reaction rates and mass transfers. The external and internal mass transfers
effects on the hydrotreating process using NiMo/CNH catalyst were evaluated based on the
methodology and criterions gleaned from the work by Sigurdson, (2009). The assessment was
done in two part i.e. (i) determination of external mass transfer and (ii) determination of internal

mass transfer.

8.5.8.1 External mass transfer

External mass transfer resistances come into play during the diffusion of reactant molecules
from the bulk of the fluid to the surface of the catalyst. The external mass transfer was determined
using the criterion developed by Satterfield et al. (1969). Satterfield criterion evaluates whether
the rate determining step of the overall hydrotreating reactions is dependent on the rate of hydrogen
conversion in HDS and HDN reactions or rate of hydrogen mass transfer (diffusion) through the
liquid (LGO) phase to the catalyst (Sigurdson, 2009; Satterfield, 1969). Satisfaction of the equation
8.3 implied that in the overall reaction, hydrogen conversion dominated that of hydrogen mass
transfer. Equation 8.3 concludes that mass transfer from the gas phase to the catalyst pellets outer

surface is significant once Equation 8.3 is satisfied (Satterfield 1969).

104, (—1 dn) > k 8.3
3CH2 . . OVR

where;
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kovr = Overall mass transfer coefficient for hydrogen, cm/s

Cy, = Hydrogen concentration in the liquid phase at equilibrium, mol/mL

2

(;—1.%) = Rate of hydrogen conversion in the reaction, mol/(s.mL)

V. = Volume of the loaded catalyst =5 mL

d,, = Average diameter of the catalyst particles

The steps involve in estimating equation 8.3 calculation are shown in the Appendix F
section of the thesis. After solving for the left-hand side (LHS) and right-hand side (RHS) of
Equation 8.3 for HDS and HDN reactions from 330 - 370 °C using the best catalyst
(3.5wWt%Ni19wt%Mo/CNH), the following results were obtained:

Hydrodesulfurization calculation of left- and right-hand side of Satterfield’s criterion:

Left hand side of Satterfield’s criterion = 1.16 x 10 cm/s to 1.40 x 10 cm/s
Right hand side of Satterfield’s criterion = 1.72 x10® cm/s to 1.94 x 10 cm/s

Hydrodenitrogenation calculations of left- and right-hand side of Satterfield’s criterion:

Left hand side of Satterfield’s criterion = 1.57 x 10”7 cm/s to 1.09 x 107® cm/s
Right hand side of Satterfield’s criterion = 1.72 x10® cm/s to 1.94 x 10 cm/s

These results therefore implied that for HDS reactions Satterfield criterion was satisfied
whereas for HDN reactions Satterfield criterion was not satisfied for all reaction conditions. Based
on these findings, it can be concluded that mass transfer from the gas phase to the catalyst surface
is significant for the overall hydrodesulfurization reaction whereas, mass transfer from the gas
phase to the catalyst surface is negligible for the overall hydrodenitrogenation reaction. Although
the HDS reaction was mass transfer controlled, it was still necessary to evaluate and report kinetics
for a reaction that was mass transfer controlled because, some kinetic information was required to
complete the evaluation of mass transfer limitation. Moreover, until the mass transfer evaluation
was determined there was no knowledge that either the HDS and/or HDN reaction was mass

transfer controlled.
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Also, from equation F.21 and F.22 in Appendix F, the rate of hydrogen (Hz) consumption
for HDS and HDN reactions were found to be 5.54 x 10° and 1.42 x 10 mol.Hz/(mL.s),
respectively. Therefore, about 4 times hydrogen was consumed for the overall HDS process as
compared to HDN process. This suggests that higher hydrogen consumption is required for the
HDS reaction as compared to the HDN reaction, and the high demand for hydrogen for HDS
reaction is attributed to the high sulfur concentration in the crude oil feedstock as compared to the

nitrogen concentration in the feedstock.

8.5.8.2 Internal mass transfer

Internal mass transfer resistances are encountered as reactant molecules move from the
catalyst surface to the internal parts of the catalyst particles. In determining the internal mass
transfer resistances, the preliminary calculation was done to evaluate whether isothermality within
the catalyst pellets could be assumed. Each catalyst particle degree of isothermality could be
examined in two ways. Either by finding the highest potential rise in temperature between the core
and the surface of the catalyst particles or by confirming Anderson’s criterion (Fogler, 2006;
Anderson, 1963). The highest potential rise in temperature between the core and the surface of the

catalyst particle (AT),4x) Was calculated using Equation 8.4.

_ ATyax _ AHR,i "Dy - [Ci]s

....84
T kt - Ts

B

where,
AHg ; = Heat of HDS/HDN reaction, kJ/mol
[C;]s = Catalyst surface concentration of sulfur/nitrogen species, mol/mL
k. = Thermal conductivity of the NiMo/CNH catalyst powder particle.
k. = 0.155 W/(cm.K) (assumption: pure CNH powder particle,
(Yang et al.2002)
Ts = Pellet catalyst or powder particle surface temperature = 603 to 643 K

(reaction temperature)
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In estimating the surface concentration of sulfur or nitrogen species, an assumption was
made that in the absence of mass transfer limitation, the surface concentration was equivalent to
the bulk concentration of sulfur or nitrogen species. All the steps involved in estimating Equation
8.4 are shown in the Appendix G section of this thesis. A calculated AT, ,x value ranging from
0.014 to 0.021 K for the simultaneous hydrotreating process (HDS and HDN) indicates that

isothermallity can be assumed for both conditions since ATy, 4x could never exceed 0.05K.

The Anderson’s criterion method of determining isothermality is shown in equation 8.5.

AHg;-{R;}-d,> 3-T,'R

<% .85

where,
{R;} = Global reaction rate: HDS/HDN, mol/(s.mL)
k. = Catalyst thermal conductivity = 0.155 W/(m.K) or W/(cm.°C)
R = Universal gas constant = 8.314 J/(mol.K)
E; = Activation energy: HDS/HDN, J/mol

In terms of data manipulation as mentioned earlier, a central composite design of
experiment was used to obtain optimum regression model for sulfur and nitrogen removal and this
information was further used to determine the order of reaction and activation energy for HDS and
HDN reactions. The Arrhenius equation was however used in evaluating the activations energies
for HDS and HDN reactions. For the HDS reaction, the order of reaction and activation energy
were 1.4 and 64 kJ/mol, respectively whereas, that for the HDN reaction were 1 and 92 kJ/mol,
respectively. The heat of reaction for HDS was estimated using the heat of reaction for most
thiophene molecules (63 to 66 kJ/mol) and an assumed stoichiometric value of 4. In the case of
the HDN reaction, the heat of reaction for HDN was estimated using the heat of reaction for most
quinoline molecules (65 to 68 kJ/mol) and an assumed stoichiometric value of 5. The global
reaction rate was calculated using, the apparent rate constant, bulk concentration and order of
reaction of the sulfur and nitrogen. Knowing the diameter (0.01 cm) of the powder catalyst and the

operating temperatures (330 °C — 370 °C), the left and right hand side of the Anderson’s criterion
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were calculated to test the criterion (Fogler, 2006; Ancheyta and Speight, 2007; Satterfield and
Cocchetto, 1981).

For the trickle-bed reactor that was used in carrying out the hydrotreating experiments,
variation in concentration was considered by assuming that all compositions were uniformly
distributed, there was minimum leaching, and by ensuring that average concentration values for
sulfur and nitrogen species were used. The reaction rates and kinetic parameters determined were
apparent results and not intrinsic therefore, the effects of diffusion as a result of mass transfer
limitations were considered. Additionally, the variation in concentration was accounted for by
ensuring that the residence time was constant during reactions and the focus was on the overall
conversion at the end of the reaction. The hydrotreating reaction satisfied plug flow conditions
based on satisfaction of the plug flow criterion in Table 8.8. Moreover, the effect of backmixing
was found to be negligible (Table 8.8).

Based on the range of operating conditions tested, the values for the left- and right-hand side of
Anderson’s criterion were found to be:

Left hand side of Anderson’s criterion (HDS) = 1.39 x 10 t0 3.82 x 10°®

Right hand side of Anderson’s criterion (HDS) = 0.235 to 0.250

Left hand side of Anderson’s criterion (HDN) =1.56 x 10 t0 6.62 x 10

Right hand side of Anderson’s criterion (HDN) = 0.163 to 0.174

The results from these calculations on the hydrotreating process using the
3.5Wt%Ni19wt%Mo/CNH catalyst suggests that assumption of isothermal behaviour is valid when
evaluating internal mass transfer resistances. Additionally, From Equation 8.6, the rates of reaction
for HDS and HDN were found to be 5.6 x 10® mol/mL.s and 5.14 x 10" mol/mL.s respectively.
Therefore, in terms of speed, the rate of HDN reaction was faster than the HDS reaction. The
calculations leading to the results of the catalyst pellet isothermality can be found in Appendix G

section.

8.5.9 Kinetics
For hydrotreating of real feedstock, the rate of hydrodesulfurization and

hydrodenitrogenation can be expressed using two main models i.e. the power law and the
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Langmuir-Hinshelwood kinetic models (Girgis and Gates, 1991; Ancheyta et al. 2002). The power
law model is frequently used because of its simplicity and determination of only a few parameters.
The power law model provides information about the overall rate law for the different reactions
that occur in HDS and HDN reactions. Unlike the Langmuir-Hinshelwood kinetic model, the
power law model does not incorporate the inhibition effects from certain potential molecules that
are present in the feedstock. A combination of the power law and Langmuir-Hinshelwood kinetic
models provides adequate prediction of the performance of a hydrotreating system (Majak et al.
2010; Sigurdson et al. 2011). Knowledge about the kinetic model is important since it aids in pilot
plant study, design of commercial reactors and improvement in process and operating conditions.
A suitable kinetic model or expression can be used to predict the effects of operating conditions

such as temperature, LHSV, pressure on the hydrotreating performance of the catalyst.

The power law model for both HDS and HDN can be described by the rate expression

below:

dc;
—7; = _d_tl: k;Cl ....8.6

where,
Ci = concentration of species i (either S or N) in the petroleum feedstock,
ki = apparent rate constant of species i,

n = order of reaction and t = residence time.

Based on the value of n the plausible solution to equation 8.6 are as follows:

ki
Cf— p=m fOT'Tl=O .87
In & = — ki forn=1 ....8.8
Cr LHSV
1 1 k;
———=n-1 0,1 ....89
l(][}‘l C}“ll (n-Digey  forn#
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where,

Cp = concentration of species i in the product, wt%;

Cr = concentration of species i in the feed, wt%

LHSV = liquid hourly space velocity, h

The order of reaction (n) and apparent rate constant (ki) are the main kinetic parameters
that can be deduced from the power law model. The order of reaction is dependent on the type of
catalyst and feedstock composition being used and, ranges from 0.5 to 1.5 for HDN of gas oil,
whereas, for HDS of gas oils it is typical to have the order of reaction ranging from 1.0 to 2.5.
Additionally, it has been noted that the rate of nitrogen removal is mostly determined by using an
order of reaction equivalent to 1.0 (Ancheyta et al. 2002; Bej et al. 2001; Aoyagi et al. 2003;
Callejas and Martinez, 1999). Use of the apparent rate constant in the above kinetic equations
accounts for the effects of diffusion as a result of mass transfer limitations. The Arrhenius equation
given in Equation 8.10 can be used to obtain the activation energy.

k;(T) = k,e E/RT ....8.10

where:
ko = pre-exponential factor or Arrhenius constant
E = activation energy, (kJ/mol)
R = gas constant, (kJ/mol.K)
T = temperature, K

From equations 8.7, 8.8 and 8.9, the apparent rate constant (ki) can be found from the slope
of a straight-line plot of the left-hand side of these equations versus 1/LHSV at constant
temperature and pressure. Another way of determining k; is to, calculate ki at constant pressure,
LHSV and varying temperatures after establishing the right power law equation that would fit the
experimental or predicted values.

The initial approach used in determining n for the HDS and HDN reactions in this study
was to calculate the sulfur and nitrogen conversions using the regression models (Equation 8.1 and

8.2) for % sulfur and nitrogen removal at varying LHSV (0.66-2.34 hr?), and a constant pressure
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and temperature of 9 MPa and 384 °C, respectively. Following this, an initial n value was used to
compute values for the left-hand side of equation 8.9 whereas, the LHSV was used to compute
values for the right-hand side of equation 8.9. These computed values were used to generate a plot
similar to Figure 8.10 (for HDS) and Figure 8.11 (for HDN). A trial and error method was further
applied to test different values of n in order to find out about the value of n that would provide the
best fit (highest regression coefficient, R?) for the predicted data. For HDS, an average n value of
1.4 provided a best fit for the predicted data whereas, for HDN the best fit for the predicted value
was obtained with an n value of 1.0. The R? values for HDS and HDN were 1.00 and 0.96,

respectively.
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Figure 8.10 Determination of R? for HDS of light gas oil with n =1.4.
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Figure 8.11 Determination of R? for HDN of light gas oil with n = 1.0.

Following this, the next step was to determine kjand E. Hence, for the HDS reaction where
n = 1.4, equation 8.9 was used to calculate different values of k; at varying temperatures ranging
from 350 to 370 °C, and at a constant pressure and LHSV of 9 MPa and 2 hr?, respectively. In the
case of the HDN reaction where n = 1, equation 8.8 was used to calculate k; at the same operating
conditions. Once a series of these ki values had been generated, Arrhenius equation was further
used to determine the activation energy from a plot of In (ki) versus 1/T based on the slope (-E/R)
of the graph. Figures 8.12 and 8.13 show the activation energy plots for HDS and HDN reactions.
The activation energies for HDS and HDN for this study were found to be 64 kJ/mol and 92 kJ/mol,
respectively. This implies that the reactant nitrogen molecules must overcome more energy or a
higher energy barrier for the reaction to occur as compared to the reactant sulfur molecules. These
results are also in agreement with the low nitrogen conversion relative to the sulfur conversion
obtained after hydrotreating the light gas oil with the 3.5wt%Ni19wt%Mo/CNH catalyst.
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Figure 8.12 Determination of activation energy for HDS reaction with n = 1.4.
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Figure 8.13 Determination of activation energy for HDN reaction with n = 1.0.

8.5.10 Catalyst Stability Study
Catalyst stability study results shown in Figure 8.14 was investigated using the best catalyst
(3.5wWt%Ni19wt%Mo/CNH catalyst) with light gas oil. The study began once all the design of

experiment runs had been completed, and certain targeted conditions for optimum % sulfur and
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nitrogen removal had been tested. The experiment was conducted for 45 days, and samples were
consistently collected every 24 hours till the end of this duration. Hydrotreating temperature,
pressure and LHSV of 370 °C, 9.0 MPa and 2 hr?, respectively were used. The catalyst was
precoked for 3 days to attain some stability before, the actual experiment proceeded. From the
onset of the experiment, it was noted that the initial 95% sulfur and 77% nitrogen removal values
dropped steadily to 90% sulfur and 67% nitrogen removal till the fifth day of experiments.
Following this, the HDS and HDN remained nearly steady at average values of 90% and 67% of
the stability runs. For both HDS and HDN, the margin of error was = 1 %. This implies that long
term stability of the 3.5wt%Ni19wt%Mo/CNH catalyst can be guaranteed for at least 45 days.
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Figure 8.14 HDS and HDN long-term stability study with 3.5wt%Nil19wt%Mo/CNH catalyst
using LGO at 370 °C (Catalyst =5 cm3, P = 9.0 MPa, LHSV = 2 hr-1, and H2 / oil ratio = 600

(VIVv)).

8.6 Conclusions

In conclusion, HDS and HDN activities were impacted by variation of Ni and Mo loading
on the catalysts since, the 3.5wt%Nil19wt%Mo/CNH catalyst exhibited the highest HDS catalyst
based on its superior properties (e.g. improved dispersion and reducibility). Pelletization of catalyst
can result in a decrease in activity due to pore plugging which could lead to mass transfer

resistances during reaction. A P doped catalyst (3.5wt%Ni19wt%Mo2.0wt%P/CNH) can cause
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significant improvement in dispersion, reducibility and an enhancement of HDN activities.
Operating variables such as temperature, pressure and LHSV have a significant impact on HDS,
and HDN reactions. From the statistical analysis, the effect of temperature on both HDS and HDN
reactions is more drastic as compared to LHSV. Variation of pressure also had a minimal effect
on both HDS and HDN reactions. External mass transfer resistance can be neglected in HDN
reactions but not in HDS reactions. Internal mass transfer resistances can however be ignored in
both HDS and HDN reactions. The reaction order and activation energy for the hydrotreating
reactions using power law model was found to be 1.4 and 64 kJ/mol for HDS and 1 and 92 kJ/mol.
Catalyst deactivation study for over 45 days showed that with the best catalyst a steady HDS and
HDN activity of 90% and 67% is attainable.

Although CNH may be expensive and not a good support as y-Al2Ogz, it has exhibited
remarkable physiochemical properties than certain carbon materials such as CNT, OCP, OCPsand
ordered mesoporous carbon. Consequently, compared to other carbon materials, the use of CNH
in applications such as hydrotreating and conversion of syngas to higher alcohols have yielded
outstanding results. Use of CNH for fundamental research pertaining to catalysis may be beneficial
since, other better capabilities and applications of CNH can be explored. In a scenario where there
is the option of choosing and receiving free supplies of carbon materials such as CNH or CNT for
some research work, the choice would certainly be CNH since, this research work have confirmed

that CNH demonstrates high hydrotreating performance compared to other carbon materials.
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CHAPTER 9
Conclusions and Recommendations
9.1 Overall conclusions
The overall conclusions based on sub-objectives given in the introduction section of this

thesis are as follows:

1. The arc discharge in liquid nitrogen can be used to produce CNH in the laboratory with
aggregate diameters ranging from 50-110 nm. The process also generates CNT and OCP. The yield
of the CNH generated from this arc discharge synthesis method is very low (~ 3 wt%) compared
to the OCP by-product (~ 48 wt%,) and these values are repeatable based on the numerous
reactions and measurements that were carried out. System modification resulted in ~ 73% increase
in production rate since, the production rate was 0.13 g/hr and 0.075 g/hr, respectively before and
after system modification. Change in current, processing time and system modification impacted
CNH production, and this work also validates that there are limitations on exact current and
processing time for producing CNH. However, the effect of these conditions on the yield is not
significant since, particle loss continued to be a huge challenge with the process. Defects in CNH
as well as the identity of CNH were confirmed via Raman analysis based on the Ip/lg ratio and the
position and intensity of the D and G bands. Ability to build CNH setup and generate CNH in the
laboratory to carry out research activities was one of the most important results. Without this

achievement, completion of the different phases of work would not have been possible.

2. CNH can be functionalized using nitric acid. A functionalization duration of 30 mins or less
(15mins) is efficient for introducing oxygen containing group (carboxylic acid groups) on CNH
surface as evidenced from FTIR analysis. Through functionalization the surface characteristics of
the carbon supports were altered from an otherwise inert material. Results from our
functionalization work confirms that functionalization improves the surface area and pore volume
of the catalyst. Additionally, enhancement of defect sites on the carbon support can be achieved
with functionalization. From BET, TEM and Raman results it was found that, variation of

functionalization time has an impact on the textural properties and quality of CNH. However, there
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is a limit to which functionalization can be done since, over oxidation can cause CNH particles to
coalesce and degrades their properties. CNH supports functionalized for 15 or 30 minutes can be
used to achieve reasonable hydrotreating activities as revealed in Chapter 5 and Appendix B.
Ability to establish that with short functionalization times (15-30 mins), CNH surface properties

can be enhanced in preparation for catalyst formulation is another contribution that was made.

3. From the carbon-supported catalysts used in this study, NiMo/CNH catalyst exhibited superior
properties compared to the remaining carbon-supported catalysts (NiMo/CNT, NiMo/OCPs,
NiMo/OCP) and subsequently this led to the high hydrotreating performance exhibited by
NiMo/CNH relative to the rest of the carbon supported catalysts. Factors that contributed to the
high HDS and HDN activity of NiMo/CNH catalyst include; homogeneity and structure of the
CNH-carbon support, higher dispersion and reducibility of Ni and Mo species. Although, it was
confirmed from XAS analysis that metal support interaction (MSI) was lower for the carbon-
support catalysts (e.g. NiMo/CNH and NiMo/OCPs) than for the NiMo/y-Al,Oz catalyst, the
hydrotreating performance of the NiMo/y-Al2O3 catalyst was still the highest among all the catalyst
under study. This implied that MSI is not always the determining factor on the hydrotreating
performance. With respect to the NiMo/y-Al203 catalyst properties such as type of acid sites, and
extent of reducibility may have contributed to its excellent hydrotreating performance. This work
demonstrates that the type of support used in hydrotreating has an impact on the HDS and HDN
activities. The realization that CNH-supported catalyst proofed to be a superior catalyst over other
carbon (CNT, OCP, OCP¥) -supported catalysts that were tested in hydrotreating application was

another major contribution to science.

4.The hydrotreating performance of NiMo/OCPs catalyst can be enhanced by increasing the Ni and
Mo compositions from their initial 2.5 wt% and 13 wt%, respectively to a Ni composition of 5.0
wt% and a Mo composition of 19 wt%. As a result, the 5.0wt%Ni19wt%Mo/OCPs catalyst gave
the highest HDS and HDN activities. The high nickel concentration of 5 wt% in this best catalyst
enhanced its dispersion and hydrogen consumption capacity which are some of the factors that
impact HDS and HDN activities positively. Variation of metal loading compositions have an
influence on the physico-chemical properties at higher loadings. All the different combinations of

NiMo/OCPs catalysts showed high thermal stability within the hydrotreating temperature of
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interest. HDS and HDN activities were affected depending on the type of Ni and Mo compositions

in the supported catalyst.

5. Hydrotreating of light gas oils with different combinations of Ni and Mo loadings on carbon-
supported catalysts, revealed that highest HDS and HDN activities were achieved with the
3.5Wt%Ni19wt%Mo/CNH catalyst and key factors that led to this are the higher dispersion
abilities of the metals species in this catalyst as well as the high ability of forming a highly active
Type Il phase based on its hydrogen consumption capacity. Utilization of a pelletized catalyst can
cause a reduction in both HDS and HDN activities due to pore blockage and consequent effect on
mass transfer resistances during hydrotreating reactions. Use of a P-doped catalyst resulted in a
drastic enhancement of the HDN activity as compared to its analogous HDS activity, and this was
partly due to the enhancement of C-N bond breaking which happens to be the rate determining
step of the process. Statistical analysis using design of experiment showed that variation in
operating variables like temperature and LHSV have a major impact on sulfur and nitrogen
conversion. On the other hand, pressure variation has minimal impact on sulfur and nitrogen
removal. Additionally, statistical parameter results such as p and r-squared values supported the
reliability of the generated HDS and HDN process models. External mass transfer resistances
cannot be totally ignored for HDS unlike HDN reactions. Negligibility of internal mass transfer
for both HDS and HDN reactions is reasonable. Results from the power law model for both HDS
and HDN reaction showed that an order of reaction (n) value of 1.4 for HDN, and 1 for HDS gave
the best fit for the predicted data. Kinetic calculations using the power law model resulted in an
activation energy of 64 kJ/mol for HDS reaction, and 92 kJ/mol for HDN reactions. Catalyst
deactivation studies over 45 days confirmed the stability of the catalyst life-cycle is reliable since
HDS and HDN reactions reaming nearly steady at average values of 90% and 67% during this

duration.

9.2 Recommendations for future research work

1. The low yield of CNH generated in this research is frustrating and worrisome since a substantial
quantity is required to make catalysts for all hydrotreating experiments. A lot of CNH material
was lost in a form of a plume during synthesis. TEM micrographs of collected particles that settled

on the floor, fume hood and lab bench validated that the collected particles were purely CNH
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particles. Hence, to trap these lost particles and maximize the quantity of CNH produced, use of a
bag house or bag filter can be considered to capture the lost particles. Due to the inconsistencies
involved in maintaining a constant arc and gap between the anode and cathode electrode rods,
ability to ensure that there is a non-fluctuating arc and a stable plasma is another factor that limits
the yield of CNH generated. This can therefore be improved by using a proportional-integral-
derivative (PID) controller to automatically adjust the gap between the anode and cathode
electrodes based on, the feedback mechanism of this closed loop. The volume of the Dewar flask
used in carrying out the arc discharge experiment was 4.5 L hence, use of a bigger reaction vessel
could be considered to give more room for particles to settle within the vessel as they are being
generated. The effect of other process parameters such as, current density and applied potential on
the yield should be investigated since they could impact the amount, size and shape of
nanostructure materials collected. Better still, it is highly recommended that commercial CNH
when available should be purchased and used for this research to save time. The low yield limits

the scope to which CNH can be explored for enhanced hydrotreating performance.

2. Parameters such as the oxidation agent, oxidation time and temperature have been known to
have an impact on the type and amount of surface sites produced after functionalization. Hence, a
design of experiment (DOE) considering these factors would provide thorough information about
how these process variable affects the properties of CNH both independently and combined. The
DOE results will help in identifying the optimized condition that would enhance CNH properties

for hydrotreating application.

3. Since sulfidation of all catalysts prior to hydrotreating were done using an LHSV of 2 hr?, all
the catalysts could be sulfided using an LHSV of 1 hr to investigate if hydrotreating activity could
be enhanced further. Conducting an HRTEM characterization on all the sulfided catalysts (i.e.
NiMo/CNH, NiMo/CNT, NiMo/y-Al.O NiMo/OCP+, NiMo/OCP) would be beneficial since it
would provide additional insight into the structure of the various catalysts and how the active
metals (MoS>) are dispersed. This information (including stacking results from HRTEM) would
be significant in interpreting hydrotreating activity data in the development of more active
catalysts. NMR analysis should be repeated on all the hydrotreated liquid products in order to find
how the different supports affects HDA activities. It is highly recommended to use CNH as a
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catalyst support if the production yield is very good. Apart from the fact that CNH possesses
superior qualities, results from this research showed that HDS and HDN activities are higher when
a NiMo/CNH catalyst is used in place of NiMo/CNT or NiMo/OCPs indicating that the CNH is an
alternative good catalyst support.

4. Use of simulated distillation method in determining the boiling point range as well as the
resulting composition of the gas oil products should be considered. Molecular carbon range from
C5 to C60 could be analyzed and this range should be broken down to three categories, carbon
numbers up to 15 (C < 15), carbon numbers between 15 and 20 (15< C < 0) and carbon numbers
above 20 (C > 20). This category breakdown would aid in establishing a direct relation between
the different combinations of metals on the OCPs support and the carbon numbers. NMR analysis
should be done on all the liquid products in order to gain valuable information about how variation
of metal compositions affect HDA reactions. It is also recommended that TGA experiments should
be conducted under safe operating conditions using hydrogen to mimic the thermal degradation

during hydrotreating with hydrogen gas.

5. HRTEM analysis on the catalysts used in phase five is highly recommended to examine the
stacking of MoS: in order to experimentally validate the hydrogen consumption effect on Type Il
NiMoS structure. It is recommended that kinetics should be performed on the HDS and HDN
processes for the pelletized 3.5wt%Nil9wt%Mo/CNH catalyst using light gas oil. It would be
worthwhile to conduct a DOE and assess the mass transfer resistances and kinetics on HDS and

HDN processes for the phosphorus-doped catalyst using light gas oil.
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Appendix A: Arc discharge production and filtration station

Figure A.1 Arc discharge setup and filtration area in the pilot plant.
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Figure A.2 Part of arc discharge setup showing mounted electrodes and some tools.
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Figure A.3 Filtration, air drying of samples and sample collection.
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Appendix B: Determination of best condition for OCP and OCPs functionalization

Table B.1 Effects of functionalization on OCP (BET results).

Samples Surface area (m?/g) | Pore diameter (nm) | Pore Volume (cm?®/g)
90A OCP 812 194+0.1 0.03+0.01
90A OCP_15mins 212 11.7+£0.1 0.05 +0.02
90A OCP_30mins 23+1 11.3+0.2 0.05+0.01
90A OCP_1hr 232 11.2+0.1 0.04 £ 0.01
90A OCP_2hrs 2142 11.4+0.1 0.04 £ 0.01
90A OCP_4hrs 274 10.0£0.2 0.06 £ 0.01

Table B.2 Effects of functionalization on OCPs (BET results).

Samples Surface area (m?/g) | Pore diameter (nm) | Pore Volume (cm?/g)
90A OCP+ 41+2 22.1+0.1 0.15+0.01
90A OCPs_15mins | 99+2 105+0.1 0.17 £ 0.02
90A OCPs 30mins | 1773 9.3+£0.2 0.19 £ 0.02
90A OCPs_1hr 118+ 2 7501 0.12£0.01
90A OCPs_2hrs 104 +2 7.8+£0.1 0.10+0.01
90A OCPs_4hrs 10+£4 6.5+£0.2 0.08 £ 0.01
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Effects of 15 mins CNH functionalization on HDS and HDN conversions
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Figure B.1 HDN and HDS activities of 2.5wt%Ni13wt%Mo/CNH catalysts using LGO at 370,
350, and 330 °C (Catalyst =5 cm?, P = 9.0 MPa, LHSV = 2 hr, and H / oil ratio = 600 (v/v)).

CNH support was functionalized for 15 mins.

Comments:

- Hydrotreating was done using light gas oil and this feedstock composition was different and
lower (2.7 wt% of Sulfur and 0.15 wt% Nitrogen) as compared to the composition of the light gas
oil used in the main body of this thesis.

- Overall 15 mins functionalization of CNH can also be used to achieve reasonable hydrotreating

performance.
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Appendix C: Raman and BET results of different carbon-supported catalysts and gamma-
alumina supported catalyst

981 1358 1589
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Figure C.1 Raman Spectroscopy of: a) NiMo/OCPs1 b) NiMo/OCPs c) NiMo/yAl:O3 d)
NiMo/CNT e) NiMo/CNH.

Comments:

- These results are part of Phase 3 or Chapter 6 of the research work

-1
- y-A1203 catalyst showed one prominent peak at 981 cm attributed to Mo=O bond vibrations of

the molybdenum oxide interaction with the support.
- All carbon-supported catalysts revealed two prominent bands (D and G).
- D band is of higher intensity in CNH-supported catalyst as compared to CNT-supported catalyst.
- G band is of higher intensity in CN'T-supported catalyst as compared to CNH-supported catalyst.
- Raman analysis on one sample area or location of the OCPs-supported catalyst (NiMo/OCP+1)
revealed a D Band, which was of higher intensity than the G band, whereas another location on
the same OCPs+-supported catalyst (NiMo/OCPs) revealed a G band of higher intensity than the D

band. This supports the findings that the OCPs-supported material consists of CNH and CNT aside,
the other carbon particles.

213



400

350

300

250

200

150

Quantity Adsorbed (cm?*/g)
=

100

* S

5

0 0.2 0.4 0.6 0.8 1 1.2
Relative Pressure (P/Po)

Figure C.2 Adsorption capabilities of carbon-supported catalysts and gamma-alumina supported
catalyst: a) NiMo/y-Al203, b) NiMo/CNH, ¢) NiMo/CNT, d) NiMo/OCPs, €) NiMo/OCP.

Comments:

- All catalyst samples showed the same isotherm, Type IV which is consistent with mesoporous
materials. However, each sample exhibited different hysteresis loop.

- NiMo/CNH and NiMo/OCPs showed H3 hysteresis loop.

- NiMo/y-Al>QOg, exhibited H2 hysteresis loop.

- NiMo/CNT exhibited H1 hysteresis loop.

- Adsorption capability was negligible with the NiMo/OCP catalyst as such, its isotherm was flat.

- Adsorption behaviours of these catalyst would therefore differ from one another.

- The occurrence of capillary condensation in mesoporous materials leads to the formation of

hysteresis loop that differ in shapes. The shape of the hysteresis loop is also associated with a

unique pore structure. As a result, HI hysteresis loop is normally linked to porous materials that

comprises of agglomerates or nearly uniform compact spheres present in a fair regular arrangement

and therefore have narrow pore size distribution. Type H2 loop previously has to do with the

difference in condensation and evaporation process mechanisms that takes place in pores having

narrow necks and wide bodies (i.e. ink bottle pores). Type H3 hysteresis loop is associated with

aggregates of plate-like particles that lead to slit shaped pores whereas Type H4 hysteresis loop is

related to narrow slit-like pores (Sing et al. 1985).
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Appendix D: Statistical analysis

To rebuild the HDS and HDN model equations, the Pareto charts in Figure D.1 and D.2
below enabled the elimination of insignificant terms after the initial lack of fit tests for HDS and
HDN experimental data had been obtained. As a result, terms lower than the Pareto threshold value
of 2.23 for both HDS and HDN were dropped in rebuilding the model.

Term

Factor Name
A T

B P

C LHSV

AC

BC

cC

AB

5 10 15 20
Standardized Effect

Figure D.1 Pareto Chart of the Standardized Effects (response is % Sulfur removal, a. = 0.05).

Factor MName
A T

B P

C LHSV

0 5 10 15 20
Standardized Effect

Figure D.2 Pareto Chart of the Standardized Effects (response is % Nitrogen removal, a = 0.05).
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The interaction plots in Figure D.3 and D.4 showed that there was no interaction effect
between temperature and pressure as well as temperature and LHSV on both % sulfur and nitrogen
removal due to the lack of cross terms. However, the interaction effect between pressure and LHSV
for both % sulfur and nitrogen removal had slight impact on % sulfur and nitrogen removal. The
parity plots displayed in Figure D.5 and D.6 indicates that the experimental data and predicted data

are similar since the data points lie close to the line.

Data Means
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Figure D.3 Interaction plot for % sulfur removal.
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Figure D.4 Interaction plot for % nitrogen removal.
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Figure D.5 Parity Plot for Sulfur Removal.
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Figure D.6 Parity Plot for Nitrogen Removal.
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Appendix E: Hydrodynamics calculations for hydrotreating of light gas oil using
3.5Wt%Ni19wt%Mo/CNH catalyst
Back mixing

The effect of backmixing can be evaluated using a simpler form of empirical criterion
below (Carberry and Wendel, 1963):

Lg
— > 100 .. E.1
dpe

where,
L = Length of the catalyst bed = 10 cm
dpe = Effective catalyst particle diameter. Under undiluted conditions, dpe was that of the
catalyst however, under diluted case, it was assumed that dpe was that of the 90 mesh

particle size

Wetting efficiency
The criterion below which was proposed by Gierman, 1988 is valid for accessing the
wetting efficiency:

upuy
2

PL dpe )

>50x107° ....E.2

where,
u;, = Liquid-phase viscosity (cP) = 0.544 cP to 0.442 cP for temperature ranging from
330°Cto370°C
p. = Liquid-phase density (g/cm®) = 0.740 to 0.756 g/cm? for temperature ranging
from 330 °C to 370 °C
g = Acceleration due to gravity (981 cm/s?)

v, = Liquid superficial velocity (cm/s)
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Wall effect
Minimum wall effects in a trickle-bed reactor can be achieved using the criterion in
Equation E.3 (Chuzf and Ng, 1989):

Dg
—>25 ...E.3
dpe
where,
Dy = Internal inside diameter of reactor = 1.4 cm
Plug flow

Deviation from plug flow can be estimated using a relaxed criterion by Gierman, 1988:

by 8n o, 1 E.4
dpe PBL Tl(l_x) I

where,
n = reaction order

x = conversion of sulfur and nitrogen species for HDS and HDN reactions

vd
P,, = Peclet number, ==
L

D, = Liquid diffusion coefficient (cm?/s)

Note: The Peclet number is a dimensionless number and is defined as the ratio of the heat
transferred by convection to the heat transferred by conduction. The Peclet number is also a
parameter that describes the residence distribution of the liquid which relates to wettability
(Sedagat et al. 2017; Jonoud and Jackson 2007; Kasira and Bashiri 2011).
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Appendix F: External mass transfer calculation
Evaluation of the external mass transfer resistances for the HDS and HDN reactions

Satterfield criterion (F.1) was used in determining if the rate of hydrogen diffusion through
the liquid oil which is an integral part of the HDS and HDN reactions was the rate determining
step (Satterfield et al. 1969).

10dp (—1 dn) >k F 1
3CH2 . VC . dt OVR I .

where;
koyr = Overall mass transfer coefficient for hydrogen, cm/s

Cy, = Hydrogen concentration in the liquid phase at equilibrium, mol/mL

-1 dn

(7.5) = Rate of hydrogen conversion in the reaction, mol/(s.mL)

V. = Volume of the loaded catalyst =5 mL

d,, = Average diameter of the catalyst particles = 0.01cm

Validation of Satterfield criterion implied that in the overall reaction, hydrogen conversion

was dominant over hydrogen mass transfer.

Estimation of the overall mass transfer coefficient (kgyg)

The overall mass transfer coefficient can be calculated using the equation below:

1 1 1

= + —
kove ki ks

L F.2

where;
k; = H2/LGO mass transfer coefficient - gas/liquid side, cm/s

ks = Ho/LGO mass transfer coefficient — liquid/solid side, cm/s
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Calculation of the gas/liquid mass transfer coefficient (k;)
A correlation (Equation F.3) by Goto and Smith, 1975 was used in estimating the gas/liquid

mass transfer coefficient.

koa La\%2
Lo al.(—A) act .. F.3
Dy My pr-Dy
this implies that;
a;D; (L,\*?
k, = — L.(—A) acl ..F.4
a,  \UL pL-Dy
where;
a; = Interfacial surface area over unit volume (cm™)
6(1—¢)\
= <¥> =420cm™?! ...F.5
dp

“Assumes that the interfacial surface area is equal to the catalyst pellet surface area.
e = Bed porosity = 0.3 (Wijngaarden et al. 1998)
L, = Liquid mass flow over cross-sectional area, g/(s.cm?)
u;, = Viscosity of LGO at the operating temperature, g/ (s.cm)
D, = Diffusivity of hydrogen in LGO, cm?/s
p., = Density of LGO at the operating conditions, g/mL
a, = Constant based on the catalyst particle properties* = 0.5
a, = Constant based on the catalyst particle properties* = 0.4

*a,and a, values found by Korsten and Hoffman (1996) for d, = 0.01 cm
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Calculation of LGO viscosity (u;)
The viscosity of LGO at the desired operating temperatures were estimated using the

correlation developed by Glasso (Ahmed, 1989). The correlation is as follows:
u, = 3.141 x10°. (T — 460)~31**(log” API)® .F.6
a =10.313 -log(T — 460) — 36.447 w FL7

where;
T = Operating temperature, °R

°AP] = 141.5 131.5 F.8
— SG . RN [

SG = Specific gravity of LGO at 15.6°C standard condition = 0.901
°APIl = 25.6

From equation F.7, a = -7.61 to -7.12 (for temperatures ranging from 330°C to 370°C)
From equation F.6, u; = 0.544 cP to 0.442 cP (for temperatures ranging from 330°C to 370°C)

Calculation of LGO average molecular weight (Mave):
The average molecular weight of gas oil was calculated using a correlation developed by

Winn (Sim and Daubert, 1980) and it shown below:

Muyg = my -T2 - pP w.F.9

where;
Mave = Average molecular weight of LGO, g/mol
Tb = Average boiling point of LGO = 299°C = 570°F
P1s.6 = Density of LGO at 15.6°C = 0.90 g/mL

m, = Empirical constant* = 2.41 x 107°
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m, = Empirical constant™ = 2.847
B = Empirical constant™ = —2.13
*Modified Winn values for gas oil fractions from Trytten et al. 1990
Myyg = 212 g/mol

Calculation of diffusivity of hydrogen in gas oil ( Dy, ):
The effective diffusivity of hydrogen was calculated using a correlation by Wilke and
Chang, 1955 given below:

Dy -y,
T

vV X - Myyg

= (74x1078)-
V6

..F.10

where;
X = Association parameter = 1 for hydrocarbon mixtures
V, = Hydrogen molar volume at the normal boiling point
V, = 14.3 mL/mol (Wijngaarden et al. 1998)
D, = 2.41x 10™* cm?/s to 3.17 x10~*cm?/s (for the temperature range of 330 to 370 °C)

Calculation of CLGO Density at reaction temperatures and pressures:
The density of gas oils at reactor operating conditions was calculated based on a
correlation by Standing and Katz (Jiménez et al. 2007):

pL = p15.6 - A,DT + APP F11

A,,= Temperature density correlation, Ibs /ft3

A,,= Pressure density correlation, Ibs/ft3

p

P
Ay, = [0.167 + (16.181 x 1074?5156 - [M] - 0.01

P 2
) —-0.603 .
[0.299 + (263 x 1077630154 [—1000] v F12
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Apr = [0.0133 + (1524 - (py56 + App)_z"“;)] [T - 520]

- [8.10 x1076 — (0.0622 X 10‘0-764(P15-6+APP))] [T - 520]?

where;
P = 1100 psia to 1500 psia
T =1086 °R to 1158°R (330 °C to 370 °C)
Based on the pressure and temperature values,
App = 0.25 Ibs/ft3 to 0.34 Ibs/ft
Apt = 9.34 Ibs/ft3 to 10.14 Ibs/ft
pL= 46.4 1b/ft3 to 47.1 Ib/ft3 = 743 kg/m? to 754 kg/m?®
This implies that from previous calculations,
k, =1.7x10° cm/s to 1.94 x 10 cm/s

Calculation of the liquid/solid mass transfer coefficient (ky):

..F.13

The Van Krevelen and Krekels correlation was used to estimate the liquid/solid mass

transfer coefficient (Froment and Bishoff, 1990):

s g | Lo ( ad? )1/3 F.14
Dy - as . as-py \pL*Dy T

this implies that,

Ly Hy "/
ks=D;-a,-18- ( ) ...F.15
as-p \pL*Dy

225



where,

a, = Liquid/solid interfacial surface area = a, = 420 cm™*
therefore, using the terms determined previously,

ke, =7.71 x 10 cm/s to 9.63 x 10 cm/s

Calculation of the equilibrium concentration of hydrogen in gas oil (Cy,):

Henry’s constant was used for calculating the equilibrium concentration of hydrogen in gas

oil after assuming limited solubility:

Cy, = d F.16
Hz -_ HH2 e .
where,
Hy, = Henry’s constant for hydrogen in LGO, MPa.m?/mol
P = Operating pressure = 7.6 MPa to 10.3 MPa
The equation below can be used to calculate Henry’s constant:
Vi
Hy = L F.17
2 /1112 "PL

where,
vy =Hydrogen molar volume at standard conditions = 22.4 L/mol
p,= Density of LGO at the operating conditions = 743 kg/m?® to 754 kg/m?®
An, = Hydrogen solubility in LGO, mL/(kg-MPa)

The solubility of hydrogen in gas oil fractions was estimated using a correlation established
by Korsten and Hoffmann, 1996:

T
Ay, = 2o+ 2z, T+ 2z, —+ 23 T?+ 2z,

— ..F18
2 P20 (p20)?
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where,
zy = -0.55973
z; = -0.42947 x 107
z, = 3.07539 x 10°®
z3 = 1.94593 x 10
z, = 0.83578
T = Operating temperature = 330 °C to 370 °C
P20 = Density of LGO at 20 °C = 0.897 g/mL
Under the desired operating conditions, the ranges below were obtained:
Ay, = 1.68 x 10° mL/(kg-MPa) to 1.85 x 10° mL/(kg-MPa)
Hy, = 0.0179 MPa.m*/mol to 0.0160 MPa.m*mol
Cy, = 6.45 x 10 mol/mL to 4.24 x 10™* mol/mL

Although equation F.18, does not include pressure, pressure affects the solubility of Hz in
gas oil. The effect of pressure on solubility of gases can be supported with Henry’s Law, which
shows that a direct proportionality exists between the solubility of a gas in a liquid and the partial

pressure of that gas above the surface of the solution. Henry’s law equation is expressed below:

C =k xPyys ...F.19
where;
C = solubility of a gas in solvent
k = proportionality constant

Pgas = partial pressure of the gas above the solution

In addition, according to Dalton’s law of partial pressures, the partial pressure of hydrogen
is equivalent to the product of the mole fraction of hydrogen present and the total hydrogen
pressure. This implies that from Henry’s law since, hydrogen solubility is directly proportional to
hydrogen partial pressure an increase in total hydrogen pressure will cause an increase in hydrogen
partial pressure and a consequent increase in hydrogen solubility (Zumdahl and Zumdahl, 2010).
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Calculating the hydrogen conversion rate for HDS and HDN:
The rate of hydrogen conversion for hydrodesulfurization and hydrodenitrogenation

reactions were found using the simplified stoichiometric equations below:

CATALYST

R _S+xHDsH2 —)R _H(ZxHDS_Z) +H25 F20
CATALYST

R_N +XHDNH2 —)R_H(ZxHDN_3) +NH3 ....F.21

Equations F.20 and F.21 enables the substitutions below:

HDS:
(—_1d_n) _ Xups " THDS F 22
AT —Vc ..F.
HDN
-1 dn X T
<_._)=M F.23
Ve dt Ve

where,
ryps = Molar rate of sulfur removal achieved from the hydrotreating catalyst (mol/s)
rypy = Molar rate of nitrogen removal achieved from the hydrotreating catalyst
(mol/s)
On assumption that sulfur removal involved hydrogenation of a 5-member thiophenic ring
and nitrogen removal involved hydrogenation of a 6-member basic pyridine ring then, the
stoichiometric values below can be assumed for HDS and HDN reactions of LGO.

xHDS = 40 ; xHDN == 50

Based on these assumed values for the HDS and HDN reaction, the range of values below

were found for each side of the Satterfield inequality:
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Hydrodesulfurization calculation of left- and right-hand side of Satterfield’s criterion:

Left hand side of Satterfield’s criterion = 1.16 x 10 cm/s to 1.40 x 10 cm/s
Right hand side of Satterfield’s criterion = 1.72 x10° cm/s to 1.94 x 10 cm/s

Hydrodenitrogenation calculations of left- and right-hand side of Satterfield’s criterion:

Left hand side of Satterfield’s criterion = 1.57 x 107 cm/s to 1.09 x 107 cm/s
Right hand side of Satterfield’s criterion = 1.72 x10° cm/s to 1.94 x 10 cm/s
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Appendix G: Internal mass transfer calculation
Evaluation of internal mass transfer resistances for the HDS and HDN reactions

In determining the internal mass transfer resistances, the preliminary calculation evaluated
whether isothermality within the catalyst pellets could be assumed. Each pellet’s degree of
isothermality could be examined in two ways. Either by finding the highest potential rise in
temperature between the core and the surface of the catalyst pellet or by confirming Anderson’s

criterion (Fogler, 2006; Anderson, 1963).
Maximum temperature rise (AT yax):

_ ATyax _ AHR,i “D; - [Ci]s

F=— ke T

.Gl

where,
AHp; = Heat of HDS/HDN reaction, kJ/mol
[C;]s = Catalyst surface concentration of sulfur/nitrogen species, mol/mL
k; = Thermal conductivity of the NiMo/CNH catalyst pellet powder particle.
k, = 0.155 W/(m. K) (assumption: pure CNH pellet powder particle, Yang et al.
2002)
Ts = Pellet Catalyst or powder catalyst particle surface temperature = 603 - 643 K

(reaction temperatures)

Caculation of heats of reaction of HDS/HDN

For the light gas oil, an approximated heat of reaction range (63 to 66 kJ/mol of hydrogen
consumed) for most thiophene molecules was used as the heat of reaction for hydrodesulfurization
(Ancheyta and Speight, 2007). Whereas, an approximated heat of reaction range of (65 to 68
kJ/mol of hydrogen consumed) for most quinoline molecules was used as the heat of reaction for
hydrodenitrogenation (Satterfield and Cocchetto, 1981). Based on the stoichiometric coefficients
Xyps and xypy, discussed in Appendix F, the respective heat of reaction units were converted to

kJ/mol of sulfur/nitrogen removal.
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Therefore,
AHg yps = 63 to 66 kimol of H> consumed
AHg yps = 252 to 264 kJ/mol of sulfur
AHg yps = 65 to 68 kd/mol of Hz consumed
AHg yps = 325 to 340 kJ/mol of nitrogen

Calculating the effective diffusivities of organosulfur and organonitrogen compounds in

LGO ([Ds]¢/[N]F):
The following equation was used to estimate the effective diffusivity of sulfur

compounds:

[Di]g = ' nG.2

where,
ep = Porosity of the catalyst pellets
yp = Tortuosity of the catalyst pellets

D; = Bulk diffusivity of organosulfur compounds cm?/g

The porosity and tortuosity ratio of pelletized or powdered catalyst particles was calculated

using a correlation by Probst and Wohlfahrt,1989:

e i G.3
ve  |@2— )m o

For compressed porous catalysts (group D), m values were found to be in the range of 0.70
to 1.65. However the recommended m value of 1.05 can be used if not determined. Porosity values
were found to be in the range of 0.05 to 0.65 (the average value of 0.35 was used). As a result of

these conditions, the porosity and tortuosity ratio values were found to be:

E
y—p =0.1190 (0.0012 to 0.4441) .G 4
14
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Calculation of the bulk diffusivities of organosulfur and organonitrogen compounds in LGO
(Dg/Dy):

Assumption: Organosulfur and organonitrogen compounds had similar average molecular
weight, average boiling point, density, and average molar volume as the LGO feedstock. Tyn-
Calus correlation was used in finding the bulk diffusivities of each species (Reid et al. 1987):

0.267

_ _gy (VL Ty _8 T

where,
T = Operating temperature = 603 K to 643 K
u;, = LGO viscosity at operating conditions = 0.544 cP to 0.422 cP (Check
Appendix F)
v; = Molar volume of sulfur/nitrogen molecules under standard conditions, mL/mol

v, = Molar volume of LGO under standard conditions, mL/mol
The molar volume of the gas oil was found as follows:
v; = (0.285).v,1048 ...G.6

where,

v, = Critical specific molar volume of LGO, mL/mol and is given by:
vc == UCm.MAVE G7

M,y = 212 g/mol (from Appendix F)

v.™= Critical specific mass volume, mL/g

A correlation by Raizi and Daubert was used to caluculate the critical specific mass volume
(Ahmed, 1989):

v,™ = (7.5214 x1073).T,*28% 5G-0.7666 ...G.8
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where,
v.™ = Critical specific mass volume, ft%/lb
T, = Average boiling point temperature = 299 °C = 1030 °R
SG1s o= Specific gravity at 15.6 °C =0.901
From the above, it implies that:
v, =3.79 mL/g
v, = 804 mL/mol
v; = 316 mL/mol
Therefore,
D; = Dy = Dy =3.81 x 10° cm?/g to 5.00 x 10™° cm?/s
[Ds]g = [Dylg = 4.53 x 10 cm?/g to 5.95 x 10% cm?/s

The calculated effective diffusivity values, resulted in these isothermality ratios:
BHDS = 170 X 10-8 tO 962 X 10-8
Bupn = 2.38 x 10°t0 3.22 x 10°

Due to the simultaneous occurrence of HDS and HDN reactions, the overall maximum
temperature change with respect to the catalyst surface temperature is the sum of the beta values.
Hence, the highest possible ATy 4x Vvalue was found to range from 0.014 to 0.021K, and

therefore can be considered negligible.

Anderson’s Criterion of proving isothermality:

AHg; - {R;} - d,” - 3-T,"R

..G.9
kt'Ts E;

where,
{R;} = Global reaction rate: HDS/HDN, mol/(s.mL)
k. = Catalyst thermal conductivity = 0.155 W/(m.K)
R = Universal gas constant = 8.314 J/(mol.K)
E; = Activation energy: HDS/HDN, J/mol
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Based on the range of operating conditions tested, the values for the left and right-hand
side of Anderson’s criterion were found to be:
Left hand side of Anderson’s criterion (HDS) = 1.39 x 10® t0 3.82 x 108
Right hand side of Anderson’s criterion (HDS) = 0.235 to 0.250
Left hand side of Anderson’s criterion (HDN) =1.56 x 10 to 6.62 x 10°°
Right hand side of Anderson’s criterion (HDN) = 0.163 t0 0.174

These results imply that assumption of isothermal behaviour is valid during the

assessment of internal mass transfer resistances of the hydrotreating process.
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Appendix H: Hydrotreating performance on heavy gas oil using the best catalyst
(3.5wWt%Ni19wt%Mo/CNH) established from phase 5
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Figure H.1 HDN and HDS activities of 3.5wt%Nil9wt%Mo/CNH catalysts using HGO at 370,
380, and 390 °C (Catalyst =5 cm?®, P = 9.0 MPa, LHSV =1 hr, and H, / oil ratio = 600 (v/v)).

Comments:

- The composition of HGO was (4.3 wt% Sulfur and 0.39 wt% Nitrogen), and HDS and HDN
activities were found to be 90.2% and 39.5% respectively at 390 °C.

- Although higher temperatures were experimented compared to the temperatures used for LGO,

HDS and HDN activities using the best catalyst with HGO resulted in lower conversions due to
the higher molecular weight of the HGO feed.
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