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Abstract

The catalytic upgrading of light crudes is a very important aspect of the petrochemical industry.
In recent years, the desulfurization of marine fuels and the deoxygenation of biofuels attract more
attention due to the implementation of IMO 2020 sulfur emission regulation and the increased
demand for renewable fuels. In this thesis, the catalytic desulfurization of marine gas oil and marine
diesel oil, as well as the catalytic deoxygenation of vegetable oil are both conducted under a
methane environment, and using various catalyst supports doped with several metal species.
Besides, some control experiments are also conducted under a nitrogen environment while the other
reaction conditions remain the same. This research aims at fine performances of reducing sulfur
and oxygen content within the light oils and oil quality improvement while yielding coke at a low
level through methane-assisted catalysis. Catalysts are screened to gauge those with the best
performances. As a result, the methane-assisted desulfurization and deoxygenation techniques are
proved to be feasible and achieve promising performances of sulfur or oxygen content removal.
The participation of methane during the upgrading processes not only promotes the desulfurization
and deoxygenation performances but also improves the quality of the product oils, and reduces

coke yields.
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Chapter One: Introduction

Catalytic desulfurization and deoxygenation processes are employed in oil refineries all over
the world to produce oil products that are more environmentally friendly with lower sulfur content
or more stable with lower oxygen content. Nowadays, the most widely used techniques for both
processes are hydrodesulfurization (HDS) and hydrodeoxygenation (HDO) which are operated
under a high-pressure hydrogen environment. Since the hydrogen is mostly obtained from the steam
reforming process of methane, the capital and operational cost of hydrotreatment are enormous.
This thesis shows the technical feasibility of utilizing methane as a direct hydrogen doner
participating in the catalytic desulfurization and deoxygenation processes of various oil feedstocks

at moderate temperatures and pressures.

1.1 Background of marine gas oil and marine diesel oil

In modern society, various types of light crude oil cannot be directly used as fuel in
transportation or other human activities due to the conflicts between their properties and numerous
industry regulations. For instance, according to the 2020 regulation made by the International
Maritime Organization (IMO), the operating ships must use fuel with a sulfur content no larger
than 0.5% m/m in any seas or oceans around the world. In some designated emission control areas
(ECAS), the sulfur limit of marine fuels must be lower than 0.1% m/m [1]. The regulation greatly
changed the global market of marine fuels, some types of light fuel oil with sulfur content below
0.5% replace the heavy fuel oil with much higher sulfur content (usually 2% - 3.5%) as the
dominant force in the market share. Besides, as the overall price of marine fuel rises, the fuel with
lower than 0.1% sulfur content but a relatively high price becomes more competitive. From
February 2020 to August 2020, the very-low-sulfur fuel oil (VLSFO) with sulfur content between

0.1% and 0.5% such as marine diesel oil (MDO) and marine gas oil (MGO) had a global average
1



price of $367.5 per ton, while the low-sulfur marine gas oil (LSMGO) with sulfur content below
0.1% had an average price of $487.5 per ton globally in the same period. Meanwhile, the average
price of VLSFO and LSMGO in the U.S is $384.5 per ton and $516.0 per ton [2]. Based on these
data, a roughly $120 to $131.5 per ton extra profit can be obtained if a VLSFO can further reduce
its sulfur content to lower than 0.1%, which provides a vast commercial penitential for the

desulfurization process of VLSFO.

MGO and MDO as the typical VLSFO have been widely used since the 2020 IMO regulation
was put into effect. MGO consists exclusively of distillates of crude oil and largely shares the same
properties as standard heating oil. It has a transparent to light color, low density, as well as low
viscosity at room temperature so that it can be easily pumped into the ship's engines at around 20
°C [3]. According to the 1SO 8217:2017 fuel standard, MGO can be distinguished into several
quality grades such as DMX, DMA, and DMZ. The maximum density at 15 °C, maximum sulfur
content, minimum flashpoint, and the maximum acid number of these three grades are 890 kg/m?,

1.00 wt%, 43 to 60 °C, and 0.5 mg KOH/g, respectively [4].

MDO represents the marine fuels that are made up of various blends of MGO and heavy fuel
oil (HFO), but with very low HFO content. The oil refinery can directly control the different
blending ratios of MDO. The properties of MDO are similar to diesel fuel, its color ranged from
light brown to black due to the pollution of HFO, and it is also distinguished into two quality grades
DMB and RMA 10 [5]. The maximum density at 15 °C, maximum sulfur content, minimum
flashpoint, and the maximum acid number of DMB and RMA 10 are 900 to 920 kg/m?, 1.50 to 3.5

wt%, 60 °C, 0.5 to 2.5 mg KOH/qg, respectively [4].

1.2 Background of the hydrodesulfurization technologies

Hydrodesulfurization is the most commonly used technology in oil refineries for the
2



desulfurization of petroleum products which can efficiently remove sulfur from almost all kinds of
distillates of crude oil including vacuum residue, heavy oil, middle distillates, and light oil. It is a
key catalyst-driven process for the product streams [6]. HDS is considered one of the most essential
steps in the production of cleaner end-products that removes around 2500 million metric tons of
sulfur from crude oil per year globally [7]. The general hydrogen pressure of the HDS process is 5
to 160 bar, while the temperature ranges from 260 to 380 °C [8]. Various products can be yielded
from different distillates streams such as light naphtha, kerosene, and low sulfur fuel oil (LSFO)

which contains MGO and LSMGO [8]. The HDS reactions during the process can be classified as

follows [8]:

Mercaptans:

RSH + H2 — RH + H2S
Sulfides:

R2S +2H2 — 2RH + H2S
Disulfides:

(RS)2 + 3H2 — 2RH + 2H2S

Thiophenes:

SCH=CHCH=CH + 4H2 — CsaH10 + H2S

The typical catalysts for the HDS process are porous alumina support with a surface area of
200 to 300 m?/g impregnated with combinations of cobalt (Co), nickel (Ni), molybdenum (Mo),
and tungsten (W). Co-Mo/Al203 and Ni-Mo/Al20s are the most universally applied catalysts for

HDS due to their good poisoning resistance [8]. During the past decades of optimizing the HDS



process, various reactors have been reported and applied to industrial HDS. An ebullated bed
reactor achieves up to 90% sulfur removal dealing with heavy crudes with high asphaltene by using
catalyst particles smaller than 1 mm [9]. A moving bed reactor has been designed to partially
remove the contaminants whin the crude oil before it processing in the conventional fixed-bed
reactors [10]. A multistage reactor using liquid-liquid extraction of sulfur species archives up to

99.5% sulfur reduction [11].

The major drawbacks of the HDS technique are the high operational cost due to the high Hz
pressure applied. In addition, since massive CO:2 is produced during H2 production, the

environmental problems caused by the HDS process are also severe.

1.3 Background of canola oil and the first-generation biodiesel

In the 21% century, with the shortage of fossil energy sources becoming severe globally, the
development and usage of renewable energy sources such as biofuels have made huge progress.
Biodiesel, one of the most widely used biofuels is primarily produced by processing vegetable oils
such as canola oil, soybean oil, grape seed oil, and other seed oils. In 2019, the world's total daily
production of biofuels was 1790 thousand barrels, while biodiesel reached 723 thousand barrels per
day of production [12]. Europe has the highest share of 34.2% of global biodiesel production,
followed by the Asia Pacific, the United States, and Brazil which count for 33.5%, 14.1%, and

13.2%, respectively [12].

Canola oil as one of the most common feedstocks in biodiesel production mainly consists of
various triglycerides which are the ester of one molecule of glycerol and three molecules of fatty
acids. 94.4% to 99.1% of the total lipid within canola oil is constituted by triglycerides [13]. The
majority of fatty acids in canola oil have 18 carbon atoms which are oleic acid, linoleic acid,

linolenic acid, and stearic acid accounts for 60.1%, 20.1%, 9.1%, and 1.5% of the total fatty acids,
4



respectively. The relative density at 20 °C, viscosity at 20 °C, flashpoint, and specific heat at 20 °C
of are 0.914 t0 0.917 g/cm?, 78.2 mm?/sec, 275 to 290 °C, and 1.910 to 1.916 J/g, respectively [13].
It is capable of directly using canola oil and other types of vegetable oil in diesel engines, but
several abnormal phenomena occur during the operations mainly due to the injection, atomization,
and combustion characteristics of vegetable oils being different from those of traditional diesel
fuels. For example, the high viscosity of vegetable oils leads to poor fuel atomization during the
injection. The high flash point leads to more deposit formation and carbonization of injector tips.
Poor cold engine start-up, misfire, and ignition delay occur due to the combination of high viscosity
and low volatility of vegetable oils [14]. Therefore, it is necessary to convert vegetable oil into
other types of diesel-like biofuels to achieve higher efficiency and better performances during the

operation of diesel engines.

The biodiesel in the current stage can be generally divided into first-generation biodiesel and
second-generation biodiesel. The first-generation biodiesel, also known as fatty acid methyl ester
(FAME) is produced by catalytic transesterification reaction of triglycerides as shown in Fig.1.1
[15]. In this reaction, triglycerides react with methanol by using homogeneous base catalysts or
heterogeneous catalysts to yield FAME and glycerin. NaOH and KOH have been proven to be the
most suitable homogeneous base catalysts for transesterification reactions and have been widely
applied in industry. According to the transesterification protocol shown in Fig.1.2 [16], firstly,
methanol is reacted with vegetable oils in the presence of KOH. Then, the crude biodiesel and the
crude glycerin as the main products are separated when the reaction is completed. At last, the
glycerin is refined for further use, while the crude biodiesel is also refined and separated with
methanol which is reused in the cycle [16]. However, several drawbacks such as producing plenty
of wastewater, producing low-quality glycerol, corrosivity, and hard purifying of the biodiesel

product are quite obvious when applying these catalysts [17-20]. The homogeneous catalysts such
5



as CaO-based catalysts, lithium-based catalysts, KOH supported on alumina, NaY zeolite,
mordenite, bentonite, and MGO not only show excellent catalytic activity in the production of
biodiesel but also being less corrosive, more environmentally friendly, safer, cheaper, easier to be
regenerated and reused [17,21-29]. In general, the transesterification process is one of the most
widely available technologies for industrial biodiesel production. It solves the high viscosity
problem of vegetable oil or animal fat in a very efficient and economical way due to its low cost,

high conversion efficiency, and simplicity [30].

0 0
! I CH, - OH
GH, -0—C—Ry CH,-0—C—R; i
ﬁl} Catalyst ﬁ
CH--0—C—R:  +3CH,0 *———= CH,-0-C—R; # Ch=0n
1 i
I
CH, -O—C—R» CH,-0—-C—R> CH, - OH
Triglyceride Methanol Maxture of fatty esters Glycerin

Fig. 1.1 Transesterification of triglycerides to yield fatty acid alkyl esters (biodiesel),

reproduced with permission from Elsevier [15]
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Fig. 1.2 Basic transesterification protocol, reproduced with permission from Elsevier [16]

1.4 Background of hydrodeoxygenation technologies

As mentioned, the transesterification reaction achieves the conversion from vegetable oil or
animal fats to FAME which partially relieves the energy shortage. However, several problems with
first-generation biodiesel are severe and inevitable due to its chemical properties. For example, its
low cetane numbers and lubricity can cause engine corrosion, its high oxygen content and
hydrocarbon evaporative emission lead to low stability within the combustion engines [31]. Other
drawbacks such as poor cold flow properties, poor storage stability, low heating values, and high
nitrogen oxides (NOx) emissions make FAME less compatible with traditional diesel engines [32].
Therefore, developing the next generation, more advanced biodiesel becomes a major trend in the

current biodiesel industry.

The second-generation biodiesel which has higher quality and stability than FAME is mainly



produced via the hydrodeoxygenation (HDO) process. The as-prepared biodiesel with very low
oxygen, sulfur, and nitrogen content, high linear hydrocarbon content, excellent physical and
chemical properties such as high cetane number, great cold flow properties, high heating value, and
good storage stability can be fully compatible with fossil fuels for diesel engine usage [33]. A basic
reaction scheme for HDO of triglycerides is shown in Fig. 1.4 [34]. At first, the hydrogenation
reaction saturates the unsaturated fatty acid backbone of triglycerides. The saturated triglycerides
then decompose into fatty acids under the effect of Ha. In this step, propane is produced as a by-
product. A high concentration of fatty acids is observed in the initial stage of the HDO process due
to the fast reaction of hydrogenation and decomposition of triglycerides [34]. Next, a reductive
deoxygenation reaction of fatty acids occurs resulting in oxygen removal in the form of water and
the fatty acids reduce to their respective fatty aldehydes. The deoxygenation of fatty aldehydes then
proceeds directly through decarbonylation (DCO) reaction which produces CO and alkanes or via
a dehydration process followed by hydrogenation reaction forming water and alkanes [34]. In
addition, CO2 formation is also observed during the HDO process mainly due to the water-gas shift
reaction and possible decarboxylation process which are not mentioned in the reaction mechanism

shown in Fig.1.4 [35].
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Fig.1.3 Reaction mechanism for HDO of triglycerides, reproduced with permission from

Elsevier [34]

The production of second-generation biodiesel has been operating for more than a decade. For
instance, a Finland-based company called Neste Oil developed a stand-alone process called
NEXBTL that produces about 3 million tons of biodiesel [34]. This technology is a combination of
HDO of vegetable oil and isomerization of linear alkanes to branched alkanes which can improve
the cold flow properties of the products. The product biodiesel of NEXBTL exhibits a high heating
value and high cetane number which are 44 MJ/kg and 84 to 99, respectively [34]. Another
company called UOP honey well also developed a two-stage process for the production of second-
generation biodiesel from fats, grease, and oils. Fig. 1.5 shows a schematic of the process [34]. In
the first stage, the feedstocks undergo an HDO process in an adiabatic reactor obtaining diesel-
ranged alkanes by immediately separating the COz, water, and valuable hydrocarbons. In the second
stage, the diesel-ranged alkanes are converted to diesel-ranged branch alkanes via the
hydroisomerization process to improve the cold flow properties of the end-product, while the excess
H2 is then recycled to both HDO and isomerization reactors. The final product of this technology

also displays a high heating value of 44 MJ/kg and a high cetane number of 77 to 90 [34].
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Fig. 1.4 Schematic representation of UOP eco-fining process, reproduced with permission

from Elsevier [34]

1.5 Motivations for methane-assisted desulfurization and deoxygenation studies

Although the HDS and HDO provide promising sulfur and oxygen removal performances,
some major drawbacks of these techniques considerably limited their industrial sustainable

development.

Since hydrogen is not naturally reserved, around 75% of global hydrogen production relies on
steam methane reforming (SMR) technology [36]. To apply the SMR process, a temperature as
high as 800 °C, and a pressure ranging from 1.5 MPa to 3.0 MPa are required which causes the
price of hydrogen to be much higher than the other commonly used feed gases in the petrochemical
industry such as oxygen, nitrogen, and methane [37,38]. Moreover, the main reaction pathway in

an SMR process is as follows [36]:

CHa + H20(g) — CO + 3H2

Since the reaction is highly endothermic which requires a large amount of heat to keep a
constant temperature (i.e. 800 °C), so the SMR process produces a significant net amount of carbon
dioxide along with hydrogen production. An average of 7 kg CO2/kg H: is emitted from SMR
facilities that contribute a large share of CO2 emission within the petrochemical industry where 1.1
Gt of CO2 emission has been reported in 2005, accounts for 16% of total industrial emission [36].
Therefore, using hydrogen for the desulfurization and deoxygenation processes not only leads to a

high capital cost and operational cost but also results in severe environmental problems.

The serious defects of HDS and HDO motivate us to develop more advanced technologies to
do the same jobs. Referring to the research background of our group, directly using methane as the

10



H donor for the desulfurization and deoxygenation process possesses a high research value and
potential. These new technologies will significantly lower the capital and operational cost, as well
as solve the COz emission issue compared with the traditional HDS and HDO if they are
commercialized. Thus, this thesis is aiming at investigating the feasibility of methane-assisted
desulfurization and deoxygenation processes. More detailed experimental results will be shown in

the following chapters.

1.6 Challenges of methane activation

Methane has the simplest molecular structure among hydrocarbons which presents a
symmetrical tetrahedral configuration with four equivalent C-H bonds [39]. Due to the unusually
strong C-H bonds among alkanes and other physical properties, the activation of methane requires
more severe conditions (i.e. higher energy) than other commonly used gas feedstocks including
hydrogen. For example, it is quite difficult to remove bound electrons of methane due to its
extremely high ionization potential of up to 13.16 eV [39]. Moreover, methane demonstrates a low
highest occupied molecular orbital (HOMO) energy level as well as a high lowest unoccupied
molecular orbital (LUMO) energy level which makes the electron loss from HOMO and electron
capture of LUMO hard to achieve [39]. Thus, both an adequate amount of energy supply and proper

catalysts are necessary for methane activation [39],

1.7 Objectives

The primary objective of this research is to formulate the catalysts capable of removing sulfur
content from marine gas oil and marine diesel oil, as well as removing oxygen content from canola
oil to produce second-generation biodiesel under a methane environment at moderate temperatures

and pressures. More detailed objectives are as follows:

11



Evaluate the properties of the feedstocks provided by industry or purchased from the

market.

Select the feedstock with proper sulfur and oxygen content to make the experiment

meaningful and promising.

Prepare a suitable reactor system to replicate the industrial processes at the lab scale.

Screen different catalyst formulations and analyze their performances by evaluating the

properties of the products.

Evaluate the effect of methane by comparing methane-assisted reactions with control

reactions conducted under a nitrogen environment.

Evaluate the fresh and spent catalysts to investigate the possible mechanism of the

reactions.

1.8 Thesis organization

This thesis is organized into five chapters including two published journal pieces. I, Yimeng

Li have conducted the majority of experiments and data analysis with assistance from my group

members in terms of final submission and interpretation of results. These group members are Dr.

Hao Xu, Dr. Zhaofei Li, Dr. Peng He, Mr. Shijun Meng, and Mr. Jack Jarvis. Dr. Hua Song, the

principal investigator, provided technical assistance in all aspects of this work, providing advice

and recommended steps. Dr. Caixia Hu was instrumental in assisting with NMR analysis.

Chapter 1 gives a brief introduction to marine gas oil, marine diesel oil, canola oil, first-

generation biodiesel, second-generation biodiesel, hydrodesulfurization, and hydrodeoxygenation,

also including the objectives and the organization of the thesis. Although an introduction is
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provided, more detailed introductions are given in each chapter regarding the journals published.

Chapter 2 provides the details of the instruments that have been used and the experimental

set-ups.

Chapter 3 investigates the feasibility of methane-assisted desulfurization of marine gas oil and
marine diesel oil. This chapter is published in volume 289, article 119864 of “Fuel” as “Catalytic

desulfurization of marine gas oil and marine diesel oil under methane environment”.

Chapter 4 investigates the feasibility of methane-assisted deoxygenation of vegetable oil. This
chapter is published in volume 311, article 122504 of “Fuel” as “Catalytic methanotreating of

vegetable oil: A pathway to Second-generation biodiesel”.

Chapter 5 demonstrates a conclusion to this work and delivers recommendations for future

studies to be undertaken during my Ph.D. studies.
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Chapter Two: Experimental Methods
2.1 Feedstock and chemicals

2.1.1 light oil feedstock

Marine gas oil and marine diesel oil provided by Kara technology Inc. are directly used as

feedstocks for desulfurization experiments without any treatment.

Vegetable oils such as canola oil and soybean oil are purchased from supermarkets in Canada

and directly used in the deoxygenation experiments without any treatment.

2.1.2 Chemicals

A mixed gas containing 10.000% molar of nitrogen and 90.000% molar of methane purchased
from Air Liquide Canada Inc. is used as the feed gas for methane-assisted desulfurization and
deoxygenation experiments. In addition, a pure nitrogen gas purchased from Air Liquide Canada
Inc. with 99.999% of purity is used as the feed gas for the control experiments which are conducted

under nitrogen environments.
2.2 Catalyst preparation

2.2.1 Preparation of catalyst supports

In general, all catalyst supports used in methane-assisted desulfurization and deoxygenation
studies are homemade zeolite material and other inorganic support materials including alumina
oxide and titanium silicate which are purchased from the industrial manufacturer and being used
without any treatment. In chapters 3 and chapter 4, the homemade zeolite support, so-called UZSM-
5 is synthesized using a hydrothermal technique via the following procedures: Firstly, aluminum
nitrate nonahydrate (Al(NOs)3-9H20) purchased from Alfa Aesar was added to a 1.0 M aqueous

solution of tetrapropylammonium hydroxide (TPAOH) purchased from Sigma-Aldrich, followed
14



by stirring at room temperature until the dissolution of AI(NOs3)3-9H20 is completed. Secondly,
Tetraethyl orthosilicate (TEOS) purchased from Sigma Aldrich was added dropwise under stirring
to the solution as prepared above. Once the TEOS addition of TEOS is completed, the solution was
then stirred at room temperature for around 1.5 h where supersaturation occurred. The resultant
supersaturated gel was moved to an autoclave and started crystallization at 180 °C for 72 h. Upon
the completion of the hydrothermal synthesis, the resultant pastes were recovered by vacuum
filtration with multiple times washing using deionized water, followed by calcination in air at 550

°C and held for 4 h. The resultant power is denoted as UZSM-5 with an 80:1 SiO2/Al20s ratio.

2.2.2 Metal loading of catalyst supports

Gallium, Molybdenum, and cerium were solely or in pairs loaded onto the UZSM-5, Al20s,
and TS-1 supports by using the incipient wetness impregnation (IWI) or wetness impregnation (W1I)
methods through the following procedures: Firstly, three metal salts gallium nitrate hydrate
(Ga(NO)3-xH20) purchased from Sigma-Aldrich and Alfa Aesar, ammonium molybdate
tetrahydrate ((NH4)éM07024-4H20) purchased from Alfa Aesar, and cerium nitrate hydrate
(Ce(NO)3-6H20) purchased from Sigma-Aldrich were solely solved in an aqueous solution mixed
with the catalyst supports, followed by drying in an oven at 92 °C or 110 °C overnight. The resultant
powder or pellets was then calcined at 550 °C for 4 to 5 h in ambient air after each metal was loaded.

The mass percentage of Ga, Mo, and Ce were 1%, 5%, and 5%, respectively.

2.3 Reactor system

A fixed-bed reactor shown in Fig. 2.1 was selected as the reactor system for both
desulfurization and deoxygenation experiments. This system has three gas lines individually
controlled by a calibrated mass flow controller with a controlled range of 5 to 100 mL/min which

can be used to deliver gas feedstock. Liquid feedstock can be sent into the system through a high-
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pressure metering pump with a rate of 0 to 10 mL/min. Catalyst powders or pellets with a volume
of up to 10 mL can be held inside a vertically oriented reactor which can be heated by an electric
furnace up to 600 °C and operated under a down-flow fixed-bed mode. The liquid product is
condensed in a stainless-steel condenser attached to a benchtop chiller which can control the

temperature of condensation. In chapter 4, a schematic of this reactor system is shown in Fig. 4.1.

Fig. 2.1 fixed-bed reactor used for methane-assisted desulfurization and deoxygenation studies

2.4 Characterizations

The characterizations of gas-phase products were accomplished by online gas chromatography
(Agilent Micro-GC 490) which can identify and quantify the gas species in the inlet and outlet

gases from the reactor system.

The characterizations of liquid-phase products were achieved through gas chromatography-
mass spectrometry (GC-MS), elemental analysis, simulated distillation analysis, density
measurement, total acid number measurement, inductively coupled plasma optical emission

spectroscopy (ICP-OES), carbon-13 nuclear magnetic resonance spectroscopy (**C NMR), and
16



proton nuclear magnetic resonance spectroscopy (*H-NMR).

The characterizations of solid-phase products were accomplished by thermalgravimetric
analysis (TGA) which mainly focuses on quantifying the coke formation on the surface of the spent

catalysts.

The characterizations of fresh and spent catalysts were achieved through ammonia-temperature
programmed desorption (NHs3-TPD), N2 adsorption-desorption analysis, and X-ray diffraction

(XRD).

The details of the characterization methods used in methane-assisted desulfurization and

deoxygenation studies are shown in Chapters 3 and 4.

2.5 Performance evaluation

Under a fixed bed reactor mode, all experiments were carried out under similar conditions.
Typically, the catalyst was loaded into the constant temperature section of the reactor. To control
the position of the catalyst, ceramic balls were loaded above and below the catalyst bed. The reactor
temperature was controlled by electric heating devices. To record the amount of oil intake, an
electric scale was put under the raw material tank. The pressure of the reactor was maintained at a
certain level with a methane flow. The methane/nitrogen gas flow rate was controlled and measured
by a mass flow controller. After liquid-gas separation, the product oil entered the condenser. The
weight change of the condenser after the collection was regarded as the amount of oil production.
When the reaction was done, nitrogen was introduced to replace methane in the reactor system.
After cooling, the reactor was detached, and the catalyst was discharged for the measurement of

the coke generation rate.

The liquid and gas yields are calculated by the following equations:
17



mass of liquid products

Liquid Yield= -
mass of feed oil

x100%

mass of produced gas
mass of feedstock

Gas Yield= x100%

The coke formation rate is calculated by the following equation:

mass of coke on used catalyst
mass of catalyst x rection time

Coke Formation Rate= x100%

The methane conversion is calculated by the following equation:

mole of remaining methane after reaction

Methane Conversion=(1-
mole of fed methane

) x100%
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Chapter Three: Catalytic Desulfurization of Marine Gas Oil and Marine Diesel

Oil under Methane Environment

This chapter is adapted from the following publication:

Yimeng Li, Peng He, Zhaofei Li, Hao Xu, Jack Jarvis, Shijun Meng, Hua Song. Catalytic
desulfurization of marine gas oil and marine diesel oil under methane environment. Fuel 2021; 289:

119864. https://doi.org/10.1016/j.fuel.2020.119864.
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3.1 Abstract

The desulfurization of marine gas oil (MGO) and marine diesel oil (MDO) is crucial for the
bunker fuel industry due to the new regulation on SOx emission imposed by the International
Maritime Organization. The catalytic desulfurization of such feedstock is conducted under a
methane environment in this study. Using a ZSM-5 with uniform cylindrical morphology (UZSM-
5) as the catalyst support material, the over-cracking of oil molecules is inhibited. The incorporation
of Ga and Mo enhances the activation of methane, aromatization of the feedstock, and conversion
of sulfur-containing groups, particularly when marine diesel oil with a higher sulfur content is
charged as the feed. Under the CH4 environment, 58.8% sulfur content in the feedstock is converted
compared with that of 42.8% under the N2 environment when Ga-Mo/UZSM-5 is employed as the
catalyst. The participation of methane not only improves the desulfurization performance but also
suppresses coking and over-cracking of the feedstock as well as increasing the liquid product yield

probably through methane incorporation into the product molecules.

3.2 Introduction

The latest regulations on sulfur emission made by the International Maritime Organization
(IMO) have been put into effect since 1 January 2020. The limit of sulfur content in bunker fuels
used on the ships within designated emission control areas (ECAs) remains at < 0.1% m/m, while
the limit for the sulfur content outside ECAs is tightened to 0.50% m/m, reduced dramatically from
3.5% m/m as regulated in the previous IMO standard. It is estimated that sulfur oxide (SOx) will
thus be reduced by around 8.5 million tons annually, counting for a 77% reduction in SOx emission
from maritime activities globally [1]. The new regulation will directly benefit environmental
protection and human health. However, it will also significantly impact the marine fuel industry
due to the predictable highly increased fuel refining and upgrading cost. To meet the 0.50% m/m
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sulfur content limit, high-sulfur fuel oil (HSFO) such as intermediate fuel oil (IFO) and heavy fuel
oil (HFO), which used to be the most commonly used marine fuel, may continue to be used only if
an exhaust gas cleaning system (EGCS) was installed on vessels. Otherwise, the fuel has to be
switched to use very-low-sulfur fuel oil (VLSFO) such as marine diesel oil (MDO) with sulfur
content below 0.5%. Furthermore, an even stricter sulfur limit <0.10% m/m is applied inside ECAs,
where the ship engines have to consume ultra-low-sulfur fuel oil (ULSFO) where low-sulfur marine
gas oil (LSMGO) is the only feasible option at the current stage. Based on the projection model
shown in the assessment of fuel oil availability report published by IMO, the global demand for
classified marine fuels in 2020 was predicted as follows: The estimated annual bunker fuel demands
of ULSFO, VLSFO, and HSFO are 33—48 million tons, 198-200 million tons and 14-38 million

tons, respectively [40].

With the new regulations in place, it is predicted that VLSFO and ULSFO will be used to meet
the major demand in the bunker fuel industry and occupy most of the market share. Between mid-
February to early August in 2020, the global average bunker prices of VLSFO, LSMGO, and
IFO380 are $367.5, $487.5, and $287.5 per ton, respectively, while the average bunker prices of
VLSFO, LSMGO, and IFO380 in the US are $384.5, $516.0 and $354.5 per ton in the same period
[2]. The price of the fuel is greatly affected and determined by its sulfur content, making it

economically promising to upgrade the bunker fuel to achieve a reduced sulfur content.

Hydrodesulfurization is commonly practiced in the industry to break down the C-S bond under
an Hz environment and convert sulfur-containing species in the bunker fuel in the form of HaS.
However, this process has to consume hydrogen, which is not naturally available. In industry, more
than 50% hydrogen is obtained through the steam reforming process of natural gas at high operating

temperature (>800 °C) and pressure (1.5-3.0 MPa) [37,38]. The hydrodesulfurization is also
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executed at high pressure (e.g. 13 MPa) as well, resulting in increased operating costs. Instead of
using hydrogen, if natural gas can be directly used as the hydrogen source, the steam reforming
process can be skipped, leading to a significant cost reduction in the desulfurization process. The
utilization of methane, the principal component of natural gas, as an alternative hydrogen source
has been explored in several systems such as heavy oil [41,42], paraffin [43], and biomass [44]
with metal species such as Ga and Mo in the catalyst to activate methane. It is noticed that such a
methanotreating process produces extra products with reduced CO2 emission thanks to the
incorporation of CHa into the product molecules, making the upgrading under methane even more

economically favorable and environmentally friendly.

Compared with hydrogen, it is more challenging to activate methane, which is more inert due
to its stable molecular structure and strong C—H bond with a bond energy of 413 kJ/mol. It is critical
to developing a catalyst system to efficiently break the C—H bond before allowing methane to
participate in the desulfurization process. In the present work, UZSM-5 is employed as the catalyst
support to control the cracking of carbon chains for increased liquid product selectivity without
sacrificing the C—H activation performance. We have screened the catalyst composition using a
variety of metal species to modify the UZSM-5 support. The catalytic performance is evaluated in
terms of liquid yield, sulfur content reduction, and product compositional analysis. The catalytic
performance is first evaluated using MGO, which has more light fractions and thus benefits the
compositional analysis, as the feedstock to screen the catalyst. Sulfur content, liquid yield, total
acid number, density, simulated distillation analysis, compositional analysis of the light distillates,
and NMR analysis of the liquid products are executed to unveil the reaction network during the
desulfurization process. The desulfurization under methane is further explored using MDO, which
has heavier fractions, a larger molecular weight, and higher sulfur content, as the feedstock to

demonstrate the feasibility of this process. The effect of methane is evaluated by comparison of the
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product properties with those obtained under the N2 environment.
3.3 Experimental

3.3.1Feedstock and chemicals

A marine gas oil (MGO) and a marine diesel oil (MDO) sample were acquired from Kara

Technologies Inc. Both samples were directly used as the feedstock without further treatment.

3.3.2 Catalyst synthesis

UZSM-5 was synthesized by hydrothermal technique. Al (NO3)s3-9H20 (98%, Alfa Aesar) was
added to 1.0 M Tetrapropylammonium hydroxide (TPAOH, Sigma Aldrich) and stirred at room
temperature until a clear solution was obtained. Tetraethyl orthosilicate (TEOS, Sigma Aldrich)
was then added dropwise to the above solution whilst maintaining stirring. Upon completion of
TEOS addition, the solution was left to stir until supersaturation after approximately 1 h. The
resulting supersaturated gel was applied to a Teflon-lined autoclave and treated in a furnace at 180
°C for 72 h. Amounts were calculated to obtain a molar ratio of Al203:80Si02:21TPAOH:943H20
in the gel. After the hydrothermal synthesis, the powder was recovered by vacuum filtration and
washing with deionized (DI) water 3 times. The resultant pastes were then heated at 110 °C in the
oven for 8 h and subsequently calcined in air at a rate of 5 °C/min, held at 300 °C for 30 min,
ramped at the same rate again, finally ramped at the same rate to 550 °C and held for 4 h. The
resultant powder is denoted UZSM-5 for the ZSM-5 with uniform particle size and compact
cylindrical morphology [45]. Then, UZSM-5 support was extruded to get the shaped pellets with a

diameter of 1.0 mm and a length of 5.0 mm.

The metal modified UZSM-5 catalysts were prepared by incipient wetness impregnation of

UZSM-5 support with an aqueous solution of ammonium molybdate tetrahydrate
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((NH4)6M07024-4H20, 99%, Alfa Aesar) and/or gallium nitrate hydrate (Ga(NO3)s-H20, Alfa
Aesar), dried in the oven at 92 °C overnight, followed by calcination at 550 °C for 5 h in ambient
air after each metal was loaded. The resultant catalysts were denoted as Ga/UZSM-5, Mo/UZSM-

5, and Ga-Mo/UZSM-5. The mass percentages of Ga and Mo were 1% and 5%, respectively.

3.3.3 Catalytic performance evaluation

Four reactions with MGO as feedstock were conducted using a fixed bed reactor under a
methane environment. The position of the catalyst bed is in the middle of the reactor tube, which
is filled with quartz wool and glass beads at the top and the bottom section. The reactor was loaded
with 5 g of catalyst pellets and feedstock passed the catalysts with a down-flow mode and there
was no inert diluent. The reaction temperature was 400 °C, the reaction pressure was 30 bar, the
inlet gas flow rate was 100 sccm and the feedstock pumping rate was 0.09 mL/min. 5 g of catalyst
was loaded for each reaction with a reaction time on stream of 6 h. The catalyst employed for each

run was UZSM-5, Ga/UZSM-5, Mo/ UZSM-5, and Ga-Mo/UZSM-5, respectively.

Another two reactions applied on the micro-fixed-bed reactor with MDO as feedstock were
conducted under a methane and nitrogen environment. Both reactions were using Ga-Mo/UZSM-

5 as the catalyst and other conditions were the same as those applied in MGO reactions.

3.3.4 Characterizations

To close the mass balance of each reaction, the gas yield was calculated using the summation
of the average mass of generated gas every 30 min divided by the mass of consumed feedstock.
The necessary data to determine gas yield and methane conversion was acquired through gas
chromatography (Agilent Micro-GC 490), an inlet flowmeter within a fixed bed reactor system,

and internal standard, i.e. N2, was added to the feed gas. The liquid yield was the ratio between the
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mass of the collected liquid oil and the mass of consumed feedstock.

Thermographic Analysis (TGA) signal along with the simultaneously collected Differential
Scanning Calorimetry (DSC) signal fulfilled with a simultaneous thermal analyzer (PerkinElmer
STA 6000) of the spent catalyst was acquired to calculate the coke yield as well as coke formation

rate.

The density of the oil samples was measured using the Anton Paar DMA 4500 M density meter.

The total acid number (TAN) of the liquid sample produced from each run was measured using
a Metrohm 848 Titrino Plus by averaging the results collected from at least three independent

measurements.

Simulated distillation analysis of the feedstock and product oil samples was executed to
compare the boiling point difference and estimate the average molecular weight, which is achieved
by Agilent 8890 GC System equipped with an analysis software SimDis Expert developed by
Separation Systems. Liquid nitrogen was used to realize the cryogenic GC analysis from -20 °C to
425 °C with a ramp rate of 10 °C/min. The boiling curves were calibrated using the reference sample
SD-SS3E-05 supplied from Separation Systems. The average molecular weight of the feedstock

and products were calculated using these simulated distillation curves.

The sulfur content was measured by a Thermo Scientific iCAP 7000 series ICP-OES
spectrometer. Each sample was diluted into three different concentrations and measured at two

different characteristic wavelengths to get reliable results.

The ¥C NMR experiments were conducted at 9.4 T (vo(**C) = 100.6 MHz) on a BRUKER

AVANCE Il 400 spectrometer with a BBFO 5 mm probe. *C NMR chemical shifts were
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referenced to CDCls at 77.26 ppm. A spectral width of 24 kHz and a zgig 30 pulse with a delay of
2 s were used to acquire 1024 scans per spectrum. The NMR samples in the tubes are prepared by

mixing 0.1 mg sample, 0.1 mg Cr(acac)s, and 0.5 mL CDCls.

Ammonia-temperature programmed desorption (NHs-TPD) was performed to determine the
surface acidity of zeolite catalysts on a chemisorption analyzer (Finesorb-3010). Typically, 0.2 g
catalyst was put into a U-type quartz tube and both ends were filled with quartz wool. To remove
the adsorbed impurities, temperature-programmed oxidation (TPO) test was first performed, in
which the tube was heated up to 600 °C and held for 30 min with a ramp rate of 20 °C min under
5% O2/He gas flow (flow rate 30 sccm). Then, the system was cooled down to 120 °C and ammonia
adsorption was conducted by feeding 10% NHs/He for 30 min (flow rate 25 sccm). Next, the
physisorbed ammonia was flushed out by He gas flow for 30 min (flow rate 30 sccm). Finally, the
desorption of ammonia was carried out from 120 °C to 800 °C with a ramping rate of 20 °C min'
and held at 800 °C for 10 min. The desorbed ammonia was monitored by a thermal conductivity
detector (TCD) and the amount was quantified by peak integration of the corresponding calibrated

TCD signal.

N2 adsorption-desorption analysis of catalysts was carried out on ASAP 2020 Plus surface area
and porosimeter system (Micromeritics). The sample was first degassed at 350 °C for 4 h with a
temperature ramping rate of 10 °C min™ and a vacuum level of 20 umHg. Then the analysis was
performed in liquid nitrogen to get a 56-point adsorption-desorption isotherm. The total surface
area was calculated by the BET method and the total pore volume was calculated at 0.995 relative

pressure.
3.4 Results and discussion

3.4.1 Upgrading of marine gas oil (MGO)
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Our previous studies have proved that the methanotreating approach was successful for a wide
range of feeds including bitumen, asphaltene, heavy crudes, naphtha, and bio-crudes [46-51]. A
series of metal-modified ZSM-5 catalysts with controlled acidity and metal loading types have been
developed to upgrade different feedstocks under a methane environment. Different metal species
may exhibit different adsorption and activation capacity toward different molecules and their
functional groups. The careful tuning of the metal species loaded to the zeolite support is required
to optimize the upgrading performance in terms of varied feeds. The first feedstock used in the
desulfurization study is MGO because there are more light fractions in MGO than MDO. This
feature would benefit the compositional analysis using GC-MS, which cannot accurately determine
the composition of very heavy fractions, to grasp a better understanding of the desulfurization
process. Therefore, we have compared the performance of catalysts with different metal loading

conditions using marine gas oil with 0.2 wt% sulfur as the feedstock.

A challenge faced by the desulfurization process is the over-cracking of carbon chains while
breaking the C-S bonds in the MGO molecules, resulting in a low liquid product yield. In our
previous study, UZSM-5 has demonstrated suppressed carbon chain cracking capacity and thus
increased liquid product selectivity without sacrificing the C—H activation performance [45,52].
The synthesized UZSM-5 has a rather high silica to alumina molar ratio of 80:1 and a low acid site
concentration [53], making it effective in preserving the carbon chain structure during catalytic
desulfurization. As shown in Table 3.1, when UZSM-5 without metal loading is employed as the
catalyst, 0.03% of gas yield and 97.5% of liquid yield indicate that cracking barely occurs during
the reaction. Since zeolite with MFI structure is widely used in fluid catalytic cracking (FCC)
process with an operating temperature of around 500 °C, the temperature at 400 °C is not high
enough to trigger the formation of carbenium ions. However, sulfur content is reduced from 1988

to 1404 ppm after the reaction (Table 3.2). This phenomenon indicates that the removal of sulfur-
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containing moieties is probably due to the adsorption of the sulfur atoms to the acidic sites in the
zeolite framework, as is evidenced by the trivial coke yield. Meanwhile, the methane conversion is
nearly 0 due to the fact that CH4 cannot be activated with a pure zeolite structure, which might be

enhanced by the loading of active metal sites.

Table 3.1 Mass balance results of MGO desulfurization reactions using different catalysts

Gas Liquid Coke Coke Overall Methane

Catalyst yield/%  yield/%  yield/% f"rra‘:j;i_?“ yield/%  conv./%
UZSM-5 0.03 97.5 0.63 0.006 98.2 0.03
Ga/UZSM-5 1.62 95.4 0.93 0.008 98.0 0.23
Mo/UZSM-5 3.10 91.7 1.35 0.012 96.2 0.27
Ga-Mo/UZSM-5 6.01 91.3 1.31 0.012 98.6 0.56

Ga has been reported as an effective component in methane activation [54]. Therefore, Ga
modified UZSM-5 (Ga/UZSM-5) is employed in this work to upgrade MGO under a methane
environment. The presence of Ga in the catalyst enhances the desulfurization activity of the catalyst
by lowering the sulfur content in the product to 1267 ppm (Table 3.2), while the liquid product
yield remains at a high level of 95.4%. Mo doped catalysts are not only employed in methane
activation catalysts [41,55,56] but also often used in desulfurization catalyst systems [57,58] since
the Mo site can be used as anchor sites for sulfur atoms. Therefore, Mo is also considered a
promising metal candidate for the desulfurization of MGO in the present work. When Mo/UZSM-
5 is employed as the catalyst in the reaction, the sulfur content of the product is further reduced to
1156 ppm (Table 3.2). It is also worth noting that the total acid number (TAN) of the product is
decreased to 0.02 mg KOH/g from 0.08 mg KOH/g of the feedstock, equivalent to a 75% reduction
of the acid groups in feedstock molecules, which may be closely related to the conversion of S
containing groups. The liquid product yield is 91.7%, slightly lower than that from Ga/UZSM-5,

indicating that the cracking of diesel molecules becomes more significant.
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Table 3.2 Characterization results of MGO and its products

Average
Density at 15.6 TAN/(mg Sulfur Desulfurization
Catalyst molecular
°C/(g/mL) KOH/g) content/ppm percentage/%

weight/(g/mol)
/ 0.8524 0.08 1988 / 318
UZSM-5 0.8479 0.08 1404 294 305
Ga/UZSM-5 0.8358 0.07 1267 36.3 286
Mo/UZSM-5 0.8395 0.02 1156 41.9 284
GaMo/UZSM-5 0.8430 0.02 925 53.5 275

To combine the methane activation and sulfur removal functions of these metal species, Ga-
Mo/UZSM-5 catalyst is prepared by the co-precipitation method. A more outstanding
desulfurization activity is witnessed over the Ga-Mo/UZSM-5 catalyst. The sulfur content is
decreased to as low as 925 ppm (Table 3.2), suggesting a synergistic effect of the Ga and Mo
components in the desulfurization process. Along with the sulfur content, the density of the
products is also reduced after the reactions. Methane activation and desulfurization appear to
happen simultaneously on the surface of the catalyst. The sulfur species might be adsorbed on the
Mo sites while the adjacent Ga sites would catalyze the CH4 molecules to form H and CHax
moieties. Those species can help to form H2S with those adsorbed sulfur species and are released
into the gas phase leading to the creation of sulfur vacancies surrounding Mo atoms. Therefore, the

overall desulfurization ability is greatly enhanced by using this catalyst.

The simulated distillation curves (Fig. 3.1) of the MGO feedstock and the products are obtained
to better understand the reaction process. The average molecular weight (AMW) of the samples is
tabulated in Table 3.2. It is observed that the feedstock has the highest boiling point distribution
and the highest AMW of 318.3 g/mol. After the reaction over UZSM-5, the distillation curve
slightly moves towards the low-temperature region, i.e., more diesel fractions are distilled at a given

temperature, indicating a lowered boiling point of the product matrix. The average molecular
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weight is also reduced to 304.7 g/mol, suggesting the cracking and the removal of S atoms from
the product molecules during the reaction. When Ga/UZSM-5 and Mo/UZSM-5 are used to
catalyze the reaction, the distillation curves further move to lower temperature regions and average
molecular weight values are reduced to 286.3 and 283.8 g/mol, respectively. When Ga-Mo/UZSM-
5 is employed as the catalyst, the distillation curve is above those obtained from other conditions
and the average molecular weight is only 275.1 g/mol. These phenomena show that the product

molecules become lighter upon the desulfurization process over Ga-Mo/UZSM-5.

The density of the MGO feedstock is 0.8524 g/cm? at 15.6 °C, which is reduced to 0.8358,
0.8395, and 0.8430 g/cm? after the reaction over Ga/UZSM-5, Mo/UZSM-5, and Ga-Mo/UZSM-
5, respectively. The sulfur-containing groups would increase the polarity of the molecules, which
is related to the dipole-dipole force and the induction force between the molecules. As the sulfur-
containing groups are converted, the VVan der Waals interaction between the product molecules via
these groups may be suppressed. As a consequence, the density of the product is significantly

reduced after the reaction.
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Fig. 3.1 Simulated distillation analysis curves of MGO and its products.

When comparing the density values of product oil after the reaction using Ga/UZSM-5,
Mo/UZSM-5, and Ga-Mo/UZSM-5 as the catalyst, it is interesting to find that the density values
follow the order of Ga/UZSM-5 < Mo/UZSM-5 < Ga-Mo/UZSM-5. However, the product from
Ga-Mo/ UZSM-5 demonstrates the lowest S content and boiling point, while that from Ga/UZSM-
5 has the highest ones. To better understand this phenomenon, we have conducted a more thorough
analysis of the products using GC—MS. Because of the high boiling points of the heavy fractions in
the product, we can only accurately quantify the compounds with boiling points below 250 °C,
while heavier compounds cannot be separated by the GC column. However, we can still get some
hint of the aromatization process taking place during the reaction by determining the selectivity of
aromatic product molecules including benzene, toluene, ethylbenzene, and xylenes (BTEX). After
the reaction over Ga- Mo/UZSM-5, the selectivity of aromatics is as high as 75.2% among the
product molecules with boiling points below 250 °C (Table 3.3). The selectivity of BTEX is as high
as 49.6%, which makes the upgrading more profitable since BTEX are valuable feedstocks in
petrochemical production [59]. Notably, the increase of the BETX fraction could result in a
significant increment of soot present in exhaust gases after the combustion. When Ga/UZSM-5 and
Mo/UZSM-5 are used as the catalyst, the aromatic product selectivity is 14.2% and 50.6%,
respectively. On the other hand, a negligible amount of BTEX is observed in the feedstock and the
product obtained from the reaction using UZSM-5 as the catalysts. Besides the light distillates, we
have acquired **C NMR spectra of the feedstock and product samples to evaluate the aromatization
of all the fractions in the sample. The *3C peak area assigned to carbons atoms in phenyl rings and
due to paraffin and substitution groups is tabulated in Table 3.4. 13.2% of carbon atoms in the
product obtained over Ga-Mo/UZSM-5 are attributed to phenyl rings, while only 8.6% and 8.9%

of carbon atoms are in phenyl rings when Ga/UZSM-5 and Mo/UZSM-5 are employed. A
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significantly improved aromatization is witnessed with Ga-Mo/UZSM-5 as the catalyst, which is
in line with the compositional analysis results from GC—-MS analysis. These results suggest that the
aromatization process is more significant when Ga-Mo/UZSM-5 is the catalyst. The mt-interaction
between the phenyl rings enhances the interaction between the aromatic molecules, resulting in
increased density of the product matrix. Therefore, the highest density of product obtained over

Ga-Mo/UZSM-5 is observed along with the lowest distillation temperature and sulfur content.

Table 3.3 Aromatics selectivity of the MGO upgrading products (distillates < 250 °C)

Catalyst Benzene Toluene Ethylbenzene Xylene Aromatics/
wt% Iwt% Iwt% wt% wt%
UZSM-5 0 0 0 0 0
Ga/UZSM- 0 6.2 0 8.0 14.2
5
Mo/UZSM- 0 11.1 3.9 18.3 50.6
5
Ga-
Mo/UZSM- 2.7 16.5 4.8 25.6 75.2
5

Table 3.4 *C NMR peak area percentages of MGO and the products assigned to carbons in

phenyl rings, paraffin, and the substitution groups

Catalyst Phenyl ring/% Paraffin and substitution group/%
- 0 100
UZSM-5 0 100
Ga/UZSM-5 8.6 o1.4
Mo/UZSM-5 8.9 o1
13.2 86.8

Ga-Mo/UZSM-5

These phenomena show the promising desulfurization activity of these catalysts, particularly

when both Ga and Mo are employed to modify UZSM-5. The cracking of the MGO molecules is
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not severe with liquid product yields above 90% after the reactions. As desulfurization takes place,
the conversion of sulfur-containing groups results in the reduction of TAN as well as the dipolar
interaction. The MGO molecules are converted to smaller molecules with fewer sulfur-containing
groups as the reaction proceeds. The sulfur content, boiling point, average molecular weight, and
density of the product are decreased as a consequence. Besides the reduction of sulfur content, the
aromatization process of the light fraction molecules leads to a considerable amount of BTEX

products.

3.4.2 Upgrading of marine diesel oil (MDO)

Encouraged by these promising results during the desulfurization of MGO under a methane
environment, we continue to explore the feasibility of this method in the upgrading of MDO, a
blended fuel oil consisting of MGO as the major component and a very small portion of heavy fuel
oil (HFO) with a higher sulfur content of 2153 ppm (Table 3.6). When Ga-Mo/ UZSM-5 is
employed as the catalyst, the sulfur content of the product is reduced to 887 ppm, equivalent to a
58.8% sulfur content reduction, which is more dramatic compared with the desulfurization

performance using MGO as the feedstock.

Table 3.5 Mass balance results of MDO desulfurization reactions using methane and nitrogen

as feed gases

Gas
Liquid Coke Coke Methane
Catalyst Feed gas  yield formatic  OVerall
"y yield/wt% yield/wt% n rate/h-! yield/wt%  conv./%
Wt7
Ga-Mo/UZSM-5 CH4 2.56 96.1 1.20 0.011 99.86 1.07
Ga-Mo/UZSM-5 N 2.82 95.4 1.34 0.012 99.57 -

It is also worth noting that methane participation is more remarkable under this condition,

evidenced by a much larger methane conversion of 1.07% compared with 0.56% when MGO is the
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feedstock. The TAN is decreased to 0.03 mg KOH/g from 0.24 mg KOH/g of the MDO feedstock
along with the removal of S atoms. In addition, the liquid yield of the MDO reaction is higher than
the MGO reaction with the same conditions, implying that more methane might be activated and
incorporated into the products. Both the gas and coke yields are lowered compared with those
derived from the MGO counterpart due to the suppression of over-cracking by the participation of
more prominent methane engagement, leading to a higher liquid yield of 96.1% (Table 3.5). These
phenomena indicate that the catalytic desulfurization under methane is even more feasible using

MDO as the feedstock.

Table 3.6 Characterization results of MDO and its products

Average
Density at 15.6 TAN/(mg Sulfur Desulfurization
Sample molecular
°C/(g/mL) KOH/g) content/ppm percentage/%
weight/(g/mol)
MDO-Feed 0.85239 0.24 2153 0 375
MDO-CH; 0.84176 0.03 887 58.8 281
MDO- N, 0.83456 0.05 1231 42.8 269

To verify the contribution of the activated methane molecules in the desulfurization process,
the control experiment with Ga-Mo/UZSM-5 catalyst under N2 was carried out. The sulfur content
is 1231 ppm in the product oil, much higher than that obtained under the CH4 environment, i.e.,
887 ppm (Table 3.6). The liquid product yield is 95.4%, lower than that obtained under the CH4
environment, i.e., 96.1% (Table 3.5), while the gas yield is higher than the CH4 environment
counterpart. These phenomena show that the participation of methane in the desulfurization process
not only enhances the removal of S species but also improves liquid product selectivity. By
comparing the simulated distillation curves of the MDO feedstock and the product oil samples
obtained under the N2 and CH4 environment (Fig. 3.2), it is clear that the boiling point decreased

after the upgrading. The average molecular weight decreased from 375 to 268 and 281 g/mol,
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respectively (Table 3.6). It is noticed that the distillation temperature, average molecular weight,
and density of the product obtained under the CHa environment are higher, suggesting the
incorporation of methane into the liquid product molecules and the suppressed over-cracking of
MDO molecules under the methane environment. These phenomena demonstrate the significance

of methane participation in desulfurization in terms of improved conversion of sulfur atoms and

increased liquid product yield.
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Fig. 3.2 Simulated distillation analysis curves of MDO and its products

3.4.3 Physicochemical properties of the catalysts

To better understand the physicochemical properties of the most promising catalyst, the
porosity properties of UZSM-5 and Ga-Mo/ UZSM-5 were studied as shown in Table 3.7. It is
noted that the shaped UZSM-5 support has a typical surface area and pore volume for an MFI-type
zeolite structure. The loading of Ga and Mo results in slightly lower surface area and pore volume.
However, the spent catalyst has a clear decrease in both the surface area and pore volume due to
the formation of coke during the reaction, which is about 1.2% after 6 h (Table 3.5). The decrease
of the surface area is about 22%, while the decrease of the pore volume is about 53%, implying that
the majority of coke species existed at the mesoporous interstices between the zeolite particles.
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Table 3.7 Porosity properties of UZSM-5 and Ga-Mo/UZSM-5 catalysts

Sample BET surface area/(m?%/g) Total pore volume/(ml/g)
UZSM-5 321 0.258
Ga-Mo/UZSM-5 287 0.224
Spent Ga-Mo/UZSM-5 224 0.105

The NHs-TPD study of UZSM-5 and Ga-Mo/UZSM-5 is carried out to better understand the
effect of metal loading on the catalysts in terms of acidity. The NHs desorption peaks of both
samples appear below 250 °C, indicating that the acidic sites in these samples demonstrate weak
acidity. After quantification, the total acid amounts for UZSM-5 and Ga- Mo/UZSM-5 catalysts
are determined to be 114 and 527 pmol NHas/g cat, respectively. The modification by Ga and Mo
to the UZSM-5 structure significantly increased the number of acid sites, which may improve their

catalytic activity in the desulfurization reaction.

3.1 Conclusions

The technical feasibility of marine gas oil and marine diesel oil desulfurization process under
a methane environment is verified. The effects of gallium and molybdenum loaded on the
homemade UZSM-5 during the desulfurization processes are also investigated by comparison of
the sulfur content, liquid yield, total acid number, density, simulated distillation analysis,
compositional analysis of the light distillates, and NMR analysis of the liquid products in this study.
Catalytic desulfurization under methane is explored using two types of feedstocks, i.e., MGO and
MDO, with different compositions. Over 50% sulfur reduction for MGO and MDO with sulfur
content around 0.2 wt% is achieved over the Ga-Mo/UZSM-5 catalyst under the CH4 environment.
The participation of CHa4 in the desulfurization results in promoted liquid yield, increased average

molecular weight, and density, decreased sulfur content, and TAN compared with its N2 counterpart.
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Chapter Four: Catalytic Methanotreating of Vegetable Oil: A pathway to

Second-generation Biodiesel

This chapter is adapted from the following publication:

Yimeng Li, Hao Xu, Zhaofei Li, Shijun Meng, Hua Song. Catalytic methanotreating of vegetable
oil: A pathway to Second-generation Dbiodiesel. Fuel 2022; 311: 122504.

https://doi.org/10.1016/j.fuel.2021.122504
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4.1 Abstract

Vegetable oil is one of the most commonly used feedstocks for the production of biodiesel,
while the first-generation biodiesel suffers from the disadvantages of considerable instability and
corrosivity. Developing second-generation biodiesel is momentous for the sustainable development
of global energy, which overcomes the shortcomings of first-generation biodiesel. The
methanotreating of vegetable oil is a potential new route for the production of second-generation
biodiesel, which is comprehensively investigated in this study. Throughout the screening of the
catalysts, Ga-Ce/TS-1 demonstrates the best overall performance in this methane-incorporated
process, leading to 84.23 % of liquid yield, 0.95 % of methane conversion, 72.8 % of oxygen
content reduction, and 71% of light hydrocarbon distillates yield. The participation of methane
promotes deoxygenation performance, optimizes the composition of paraffinic and olefinic
hydrocarbons, as well as suppresses coke formation. The catalytic methanotreating of vegetable oil

is confirmed to be a promising pathway to second-generation biodiesel.

4.2 Introduction

The worldwide growth of the economy, development of industrialization, and increase in
population are leading to a significantly enhanced demand for fossil fuels. The increasing
consumption of fossil fuels not only accelerates the depletion of the reserves but also causes the
excessive emission of greenhouse gases and other pollutants such as CO, SOx, and NOx. Hence,
biodiesel becomes an important part of the global energy structure nowadays because it is
renewable and carbon-neutral which benefits the long-term sustainable energy supply and global
environment. The first-generation biodiesel, also known as Fatty Acid Methyl Esters (FAME), has
been commercialized and mass-produced for years. The common technology for FAME production
is catalytic processing of triglycerides (in vegetable oil or fats) with methanol through a
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transesterification reaction. Since FAME performs good combustion quality in internal combustion
engines and can be easily blended with fossil fuels, the annual production of FAME today is
approximately 50 billion liters globally [32]. However, there are some disadvantages of FAME due
to its production process and chemical composition. For instance, FAME production generally uses
homogeneous base catalysts (e.g. NaOH or KOH) which are non-regenerable, producing a large
amount of wastewater as well as low-quality glycerol as a by-product [60]. Moreover, a large
amount of oxygen existing in the molecular structure of FAME makes it corrosive as well as
thermally and chemically unstable so that it cannot be individually used as automotive fuel [61].
To overcome the drawbacks related to first-generation biodiesel, alternative fuel research is focused
on using advanced technologies to produce a more sustainable biofuel known as second-generation
biodiesel. Many advanced and popular technologies have been reported such as hydrotreating,
catalytic cracking, and catalytic deoxygenation based on the previous studies performed by the
researchers [33,62—66]. The oxygen content reduction is dramatic, and the quality of the product
oil increases significantly after processing vegetable oils, oleic acid, and FAME under a hydrogen
environment. For instance, 97% of oxygen reduction was achieved by hydro-deoxygenation of
oleic acid. Meanwhile, the light oil fraction (boiling point < 350 °C) in the product oil reached 97%
of the oil phase products with the C17H3s selectivity as high as 85% [66]. Using the catalytic hydro-
deoxygenation method to further process FAME results in even better performance. 100% of
oxygen reduction and over 96% of CizHss selectivity can be achieved by employing various
catalysts [33]. Generally speaking, these technologies use hydrogen gas as an H donor to change
the hydrocarbon structures of the feedstock and result in diesel-ranged or gasoline-ranged fuel oil
with extremely low oxygen content. However, hydrogen is not naturally available which is
normally produced by the steam methane reforming (SMR) process at over 800 °C and 1.5-3.0
MPa [37,38]. Based on an assessment of hydrogen production, 75% of hydrogen is produced by
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SMR globally [36]. Since the SMR process also produces a mass of CO2 as a by-product, an average
of 7 kg CO2/kg H2 emitted from SMR facilities has been reported, which will increase the global
greenhouse effect. Meanwhile, for the hydrotreatment of second-generation biodiesel production,
the required hydrogen pressure is in the range of 4 to 15 MPa which results in a considerable capital
and operational cost [31,67]. Thus, directly using methane as the H donor instead of using hydrogen
during the production of second-generation biodiesel will significantly reduce the cost, CO2

emission, and enhance the potential of commercialization.

Using methane, the major component of natural gas, as an alternative hydrogen source has
been reported in previous studies such as methanotreating of paraffin [43,45,68,69], olefin [70-72],
light fuel oil [52,73], biomass [44,48,49,74], heavy oil [75-77], and bitumen [41,78-81]. Methane
has a more stable molecular structure than hydrogen as well as a strong C—H bond with 413 kJ/mol
bond energy which makes methane relatively inert to be activated. Therefore, developing catalyst
systems that can efficiently break the C—H bond is crucial for methane to participate in the biodiesel

production process [73].

In this paper, a commercial catalyst has been initially employed in the methanotreating of
canola oil and soybean oil to verify the feasibility of the technique for different vegetable oils. For
in-depth study, three types of developed catalysts with Al203, our homemade low acidity UZSM-
5 [73], and TS-1 as the catalyst supports, and gallium and cerium as the active metal components
have been used for the methanotreating of canola oil. To evaluate the catalyst performance, gas
yield, liquid yield, coke yield were quantified, and simulated distillation analysis, elemental
analysis, and *H NMR analysis were performed for the oil feeds and products. N2 physisorption,
NHs-TPD, and XRD were conducted for the employed catalysts. Furthermore, the developed

catalysts were also used in the canola oil catalytic cracking under a nitrogen environment to
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evaluate the effect of methane by comparing the product properties.
4.3 Experimental

4.3.1 Feedstock and chemicals

Food-grade canola oil and soybean oil were purchased from a nearby food market. The gas
cylinder containing 10.000% molar of nitrogen and 90.000% molar of methane (Air Liquide)
provided the methane as the feed gas with the nitrogen as the internal standard. The gas cylinder

containing 99.999% molar of nitrogen (Air Liquide) provided the pure nitrogen feed gas.

4.3.2 Synthesis of catalysts

Al203 catalyst support with high surface area in 1/8°” pellet was purchased from Alfa Aesar.

UZSM-5 support was synthesized by the following procedures. First, Al(NO3)3-9H20 (98%,
Alfa Aesar) was mixed with 1.0 mol/L tetrapropylammonium hydroxide (TPAOH, Sigma Aldrich)
and stirred at room temperature until a clear solution was obtained. Tetraethyl orthosilicate (TEOS,
Sigma Aldrich) was then added dropwise to the above solution whilst maintaining stirring. Upon
completion of TEOS addition, the solution was left to stir until supersaturation after approximately
1 h. The resulting supersaturated gel was loaded in a Teflon-lined autoclave and treated in a furnace
at 170 °C for 72 h. Amounts were calculated to obtain a molar ratio of
Al203:80Si02:21TPAOH:943H20 in the gel. After the hydrothermal synthesis, the powder was
recovered by centrifugation and washing with deionized (DI) water 3 times. The resultant paste
was then heated at 110 °C in the oven for 8 h and subsequently calcined in air at a rate of 5 °C/min,
held at 300 °C for 30 min, ramped at the same rate again to 550 °C, and held for 4 h. The resultant
powder is denoted UZSM- 5 for the ZSM-5 with uniform particle size and compact cylindrical

morphology [45].
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Titanium silicalite-1 (TS-1) catalyst support was purchased from ACS Material.

The synthesized UZSM-5 support and TS-1 support were extruded to get the shaped pellets

with a diameter of 1.0 mm and length of 5.0 mm.

The metal modified Ga-Ce/Al203, Ga-Ce/UZSM-5, and Ga-Ce/TS-1 catalysts were prepared
by wetness impregnation of three types of support with an aqueous solution of cerium nitrate
(Ce(NO3)3:6H20, Sigma-Aldrich) and gallium nitrate hydrate (Ga(NOz3)3-xH20, Sigma- Aldrich),
dried in the oven at 110 °C overnight, followed by calcination at 550 °C for 4 h in the air after each

metal was loaded. The mass percentages of Ce and Ga were 5% and 1%, respectively.

Table 4.1 List of the reactions

Reaction Entry Catalyst Feed Gas Feedstock
1 COM-HZSM-5 CH4 Canola oil
2 COM-HZSM-5 CH4 Soybean oil
3 Ga-Ce/AlLO; CH4
4 Ga-Ce /AlLO; N
5 Ga-Ce /UZSM-5 CH,4
6 Ga-Ce /UZSM-5 N _
7 Ga-Ce /TS-1 CH,4 Canola ol
8 Ga-Ce /TS-1 N
9 TS-1 CH,4
10 No catalyst CH4

4.3.3 Catalytic performance evaluation

To make a preliminary attempt for the vegetable oil methanotreating, entries 1 and 2 (Table
4.1) were conducted at 3.0 MPa pressure and a reaction temperature of 400 °C using a fixed bed
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reactor purchased from SinoGreen Hi-Tech Co. Ltd. The feed gas was a mixed gas (90% CH4, 10%
N2) with a rate of 100 sccm controlled by a mass flow controller. Canola oil and soybean oil were
pumped into the reactor at 0.09 mL/min through a high-pressure metering pump (Eldex Co.) for
the first and the second entry, respectively. In both cases, 5 g of an HZSM-5 based commercial
catalyst (COM-HZSM-5) obtained from SinoGreen Hi-Tech Co. Ltd., were loaded into the middle
part of the reactor, where the void space was filled by two pieces of quartz wool and glass beads
(see in Fig. 4.1). The reactor was mounted in a furnace heated to the desired temperature before the
reaction began. During the reaction, feedstock passed through the catalyst bed in a down-flow mode.
Liquid products were condensed in a stainless-steel condenser at -2 °C cooled by a benchtop chiller
(PolyScience) and collected after the reaction for further analysis. The outlet gas was firstly
depressurized to the atmospheric pressure by a back-pressure regulator then directly introduced
into a 490 Micro-GC system (Agilent) for real-time evaluation. Coke was collected after the
reaction together with the used catalyst and quantified by a simultaneous thermal analyzer

(PerkinElmer STA 6000). The time on stream for both reactions was 6 h.

To further evaluate the performance of another three types of independently developed
catalysts including Ga-Ce/Al203, Ga-Ce/lUZSM-5, and Ga-Ce/TS-1, the following six reactions
(entries 3—-8) were conducted in the same fixed bed reactor system using canola oil as the feedstock.
Two reactions were processed under methane and nitrogen environment for each catalyst, and
reaction conditions were: temperature = 400 °C, pressure = 3.0 MPa, liquid feedstock rate = 0.09

mL/min, feed gas feeding rate = 100 sccm, catalyst load = 2.87 g and time on stream = 3.5 h.
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Fig. 4.1 Schematic of the reaction system used for vegetable oil methanotreating

Another two entries (entries 9 and 10) were conducted to identify the catalytic activity of the
developed catalysts, especially for Ga-Ce/TS-1. Entry 9 was processed under the methane
environment without using any catalyst while entry 10 is also a methanotreating one but over bare

TS-1 support. Both entries used the same reaction conditions as entries 3-8.

4.3.4 Characterizations

To determine gas yield and methane conversion, the outlet gas from the reactor system was
connected to online gas chromatography (Agilent Micro-GC 490) to obtain the real-time gas

composition. The gas yield was calculated using the summation of the average mass of generated
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gases divided by the mass of the liquid feedstock pumped into the reactor during the on-stream
time. N2 was regarded as an internal standard to determine the amount of other gaseous species.
The methane conversion was acquired by the subtraction of the amount of CH4 in the inlet gas and
the outlet gas divided by the amount of CHa in the inlet gas. The liquid yield was the ratio between

the mass of the collected liquid product and the mass of consumed feedstock.

Thermogravimetric Analysis (TGA) signals of the spent catalyst were acquired on a
simultaneous thermal analyzer (PerkinEImer STA 6000) to calculate the coke yield as well as coke

formation rate.

The elemental analysis was achieved by an Elemental Analyzer (Perkin Elmer 2400 Series).
C, H, N, and S compositions were directly determined for all oil samples, and the oxygen content

of the samples was calculated to meet the mass balance.

Simulated distillation analysis (SDA) of the feedstock and product oil samples was achieved
by Agilent 8890 GC System equipped with an analysis software SimDis Expert developed by
Separation Systems. The SDA samples were prepared by dissolving 0.1 g of oil samples into 1.5 g
CSa2. The boiling point difference among various hydrocarbon species within the oil samples was
determined. Liquid nitrogen was used to realize the cryogenic GC analysis from -20 C to 425 °C
with a ramp rate of 10 °C/min. The boiling curves were calibrated using the reference sample SD-
SS3E-05 supplied from Separation Systems. The average molecular weight of the oil samples was

calculated using these simulated distillation curves.

Proton nuclear magnetic resonance (*H NMR) analysis was conducted at 9.4 T (vo(*H) = 400.1
MHZz) on a BRUKER AVANCE 111 400 spectrometer with a BBFO probe. The NMR samples in

the tubes are prepared by mixing 0.1 mg sample with 0.9 mL CDCls. CHCI3 at 7.28 ppm was set
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as the reference for the chemical shifts. 12 kHz of spectral width and a pulse delay of 2 s was used

to acquire 64 scans per spectrum.

Ammonia-temperature programmed desorption (NHs-TPD) was performed on a chemisorption
analyzer (Finesorb-3010) to determine the surface acidity of the catalysts. Typically, 0.2 g catalyst
powder was put into a U-type quartz tube with quartz wool filled on both ends. Adsorption was
conducted by feeding 10% NHs/He for 30 min (flow rate 25 sccm), followed by purging with He
for 30 min (flow rate 30 sccm) to discharge the physisorbed ammonia. Finally, the desorption of
ammonia was carried out from 120 °C to 600 °C with a ramping rate of 10 °C min! and held at 600
°C for 10 min. The amount of desorbed ammonia was quantified by peak integration of the

corresponding calibrated thermal conductivity detector (TCD) signal.

X-ray diffraction (XRD) was conducted to examine the crystalline phase compositions of the
catalysts on a Rigaku Multiflex diffractometer with Cu Ka irradiation at a voltage of 40 kV and a

current of 40 mA in the 20 range of 5-60°.

N2 adsorption-desorption analysis of catalysts was carried out on an ASAP 2020 Plus surface
area and porosimeter system (Micromeritics). Degassing of the samples was firstly processed at
350 °C for 4 h with a temperature ramping rate of 10 °C min* and a vacuum level of 20 umHg.
Then the analysis was performed in liquid nitrogen to get a 56-point adsorption-desorption isotherm.
The total surface area was calculated by the BET method and the total pore volume was calculated

at 0.995 relative pressure. The micropore volume was calculated by the t-plot method.

4.4 Results and discussion

The first two entries of the reactions were conducted under a methane environment using

canola oil and soybean oil as feedstock, respectively. Based on the simulated distillation analysis
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result (Table 4.2), for both cases, the upgraded product oils have 40 wt% of gasoline fraction and
over 34 wt% of diesel fraction. The considerable light oil fraction (< 350 °C) reveals the relative
dramatic hydrocarbon cracking during the reactions which exhibits the potential of this technology
to be a promising pathway for second-generation biodiesel production. However, the gas yield of
entry 1 and entry 2 are 26.32 wt% and 17.23 wt%, resulting in the corresponding liquid yield as
low as 70.08 wt% and 77.48 wt% (Table 4.3). The excessive cracking observed in entries 1 and 2
is possibly due to the large number of acid sites located on the COM-HZSM-5 catalyst. Therefore,
to optimize the methanotreating process of canola oil, another three types of catalysts were
developed. Al203, UZSM-5, and TS-1 were selected to be the catalyst support because of their
lower acidity compared to HZSM-5. According to the NHs-TPD results of the various catalyst
shown in Fig. 4.2 and Table 4.4, all the developed catalysts have significantly fewer acid sites than
COM-HZSM-5. As for metal loading, gallium was selected since it has been verified to be an
effective metal in methane activation [54,69,80]. In our previous study, zeolite catalyst doped with
cerium can significantly increase its oxygen storage capacity by introducing cerium oxide into the
zeolite framework and thus effectively reducing carbon deposition tendency, beneficial for
extended catalyst lifetime [82]. Therefore, these two metals were selected as the active components

in the developed catalysts.

The mass balance results of entries 3, 5, and 7 (See in Table 4.5) showed that the liquid yield
is ranging from 78 wt% to 85 wt% when developed catalysts were used for the methanotreating
reactions. Compared to entry 1, the gas yield reduction of these reactions is significant, especially
when Ga-Ce/TS-1 was employed. It is noticed that the liquid yield is larger under the nitrogen
environment than that under the methane environment for each control group due to the higher gas
yield mainly in a form of CO2 when methane was applied. This phenomenon indicates that methane

can promote the intensity of catalytic cracking which may contribute to the greater deoxygenation
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performance. On the other hand, the coke formation rate of each methane incorporated reaction is
lower than its counterpart process under nitrogen which can be due to the coke inhibition effect of
methane confirmed in our previous research [48]. Comparatively speaking, Ga-Ce/TS-1 has the
best performance on liquid yield improvement. In addition, it also leads to 0.95% methane
conversion during the reaction which is almost doubled compared to Ga-Ce/Al2O3 charged one.
The significant reduction of coke yield from 6.1% to 4.28% and promotion of methane conversion
from 0.15% to 0.95% has been observed by comparing entry 7 and entry 9. It verified that the
catalytic activity is enhanced and the coke formation rate is reduced after loading Ga and Ce as the

functional metal species on the TS-1 catalyst support.

Table 4.2 Simulated distillation results of entries 1 and 2

Gasoline range  Diesel range

Reaction Total distillate
Catalyst Feed gas distillate (<200 distillate (200
entry (<350°C)/%
°C)/% °C-350°C)/%
/ Feedstock / 0 0 0
1 COM-HZSM-5 CH,4 40 34 74
2 COM-HZSM-5 CH, 40 35 75

Table 4.3 Mass balance results of entries 1 and 2

Reaction Liquid Coke Overall
Catalyst Feed gas  Gas yield/%
entry yield/% yield/% yield/%
1 COM-HZSM-5 CH,4 26.32 70.08 2.72 99.12
2 COM-HZSM-5 CH,4 17.23 77.48 3.71 98.42
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Fig. 4.2 NH3-TPD curves of various catalysts

Table 4.4 NHs-TPD results of various catalysts

The densities of different types of acidic sites (umol NHa3/g)

Catalysts Weak Medium Strong Total
(<200 °C) (200 - 400 °C) (> 400 °C)
COM-HZSM-5 414 155 0 569
Ga-Ce/Al,O3 38 5 4 47
Ga-Ce/UZSM-5 35 0 35
Ga-Ce/TS-1 25 0 25
Table 4.5 Mass balance result of entries 3-10
Feed Gas Liquid Coke Coke Overall
Entry Catalyst . ) ) formation CH. .
gas yield/% yield/% yield/% rate /h-! conv./%  yield/%
3 Ga-Ce/ALOs CHy,  14.59 78.53 6.05 0.091 0.54 99.17
4 Ga-Ce/ALOs N, 8.76 82.75 6.91 0.110 / 98.42
5 Ga-Ce/UZSM-5  cH, 1157 83.80 3.92 0.063 0.61 99.29
6 Ga-Ce/UZSM-5 N, 7.40 86.90 3.92 0.064 / 98.22
7 Ga-Ce/TS-1 CHs; 1093 84.23 4.28 0.069 0.95 99.44
8 Ga-Ce/TS-1 N, 7.08 87.03 4.96 0.080 / 99.07
9 TS-1 CHs, 973 83.15 6.10 0.100 0.15 98.98
10 No catalyst CHy;  3.59 96.41 0 0 0 100
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As shown in Fig. 4.3, the SDA curves of product oils in entries 3-8 are significantly shifted to
the left compared to the feedstock, resulting in a great reduction of average molecular weight
(AMW). The product oil under methane over Ga-Ce/TS-1 catalyst (entry 7) has the lowest AMW
of 244.4 g/mol among all the oil products and has 71 wt% of distillates at gasoline range and diesel
range in total, larger than 62 wt% and 63 wt % when Ga-Ce/UZSM-5 and Ga-Ce/Al203 were used
respectively (Table 4.6). The observation verified that Ga-Ce/TS-1 has the best performance in
converting canola oil into light hydrocarbons. It is worth noting that nearly 100% of light oil
fraction (< 350 °C) can be achieved by processing oleic acid and FAME through the hydro-
deoxygenation method [33,66]. The considerable disparity between methane-assisted
deoxygenation and hydro-deoxygenation provides a clear objective for further optimization of the

catalysts.
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Fig. 4.3 Simulated distillation curves of entries 3-8
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Table 4.6 Simulated distillation results of entries 3-8

Gasoline Diesel
Average range range Total
Reaction
. Catalyst Feed gas molecular distillate distillate distillate
entry
weight/(g/mol) (<200 (200 °C-350 (<350°C)
°C)/ % °C) %
/ Feedstock / 848.3 0 0 0
3 Ga-Ce/ALLOs CH,4 268.7 20 43 63
4 Ga-Ce/ALLOs N> 269.5 20 42 62
5 Ga-Ce/UZSM-5 CH4 269.3 23 39 62
6 Ga-Ce/UZSM-5 N> 273.5 22 39 61
7 Ga-Ce/TS-1 CH,4 244 .4 28 43 71
8 Ga-Ce/TS-1 N2 250.0 27 42 69

The oxygen content reduction in methanotreating of canola oil is remarkable (Table 4.7). All
the products of methane-assisted catalytic reactions have lower oxygen content compared to their
counterparts produced in a nitrogen environment. It indicates that methane can promote the
breakage of carbon-oxygen bonds. 77.8% oxygen reduction is achieved when Ga-Ce/Al.03 was
loaded for the methanotreating process, while Ga-Ce/TS-1 offers 72.8% of oxygen reduction
capacity, which is competitive as well. The oxygen reduction in entry 9 is only 7.8%, where no
catalyst is employed. It shows that the deoxygenation performance of pure thermal cracking is very
limited to under 400 °C. 43.3% oxygen reduction is obtained when bare TS-1 support is applied,
much smaller than 72.8% achieved by Ga-Ce/TS-1, which indicates that the deoxygenation
performance is remarkably improved after adding Ga and Ce to the TS-1 support. Since lower
oxygen content corresponds to lower acidity and corrosivity as well as higher heating value, which
are beneficial for the enhanced quality of the products, these results thus provide strong evidence
for methanotreating of canola oil being an advanced technology with great potential for second-

generation biodiesel production.
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Table 4.7 Elemental analysis results of entries 3-10

Oxygen
Reaction Catalyst Feed Carbon/wi% Hydrogen Oxygen content
entry gas Iwt% Iwt% reduction
1%

/ Feedstock / 77.64 11.91 10.30 /

3 Ga-Ce/ALLOs3 CH4 84.75 13.08 2.17 78.9

4 Ga-Ce/ALLO3 N 84.51 13.14 2.35 77.2

5 Ga-Ce/UZSM-5 CH4 83.33 13.04 3.63 64.8

6 Ga-Ce/UZSM-5 N 83.32 12.78 3.90 62.1

7 Ga-Ce/TS-1 CH,4 84.16 13.04 2.80 72.8

8 Ga-Ce/TS-1 N> 83.63 12.77 3.60 65.0

9 TS-1 CH4 81.60 12.56 5.84 433

10 No catalyst CH4 78.29 12.21 9.50 7.8

'H NMR analysis was conducted to study the composition of paraffinic, olefinic, and aromatic
hydrocarbons within the oil products (Table 4.8). The results show that when the same catalyst was
used, the oil samples produced under the methane environment have less olefinic and more
aromatic hydrocarbons than the oil samples produced under the nitrogen environment. This
observation illustrates that the introduction of methane can improve the oil quality by enhancing
the saturation of alkenes as well as aromatization. It is also noticed that the product oil obtained
from the methane-assisted reaction when Ga-Ce/TS-1 was applied (entry 7) has the lowest olefin
yield (3.52 wt%) among all the oil products, indicating Ga-Ce/TS-1 has a better performance on
alkene saturation than Ga-Ce/Al203 and Ga-Ce/UZSM-5 which may be due to the observed
highest methane conversion when Ga-Ce/TS-1 was employed (Table 4.5). The olefin contents in
the products of entries 9 and 10 are significantly higher than other products and feedstock,
indicating pure thermal cracking and catalytic cracking over bare TS-1 support produce a

considerable amount of unwanted unsaturated hydrocarbons. Loading Ga and Ce as the active
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metals on TS-1 can effectively improve the quality of the formed product oil.

Table 4.8 'H-NMR results of entries 3-10

Reaction Catalyst Feed gas Paraffinic/%  Olefinic/% Aromatic/%
entry
3 Ga-Ce/AlLO3 CH,4 92.39 4.44 3.17
4 Ga-Ce/AlLO3 N> 92.24 491 2.85
5 Ga-Ce/UZSM-5 CH,4 92.59 4.27 3.15
6 Ga-Ce/UZSM-5 N> 92.30 4.59 3.1
7 Ga-Ce/TS-1 CH,4 93.12 3.52 3.36
8 Ga-Ce/TS-1 N 92.96 3.71 3.33
9 TS-1 CH,4 93.86 6.09 0.05
10 No catalyst CH4 93.48 6.30 0.22

XRD analysis was utilized for analyzing fresh and used catalyst samples to obtain information
on the catalyst crystal structure. The detected diffraction peaks of used catalysts are quite similar
to the corresponding fresh ones, and only slight differences in the intensity of the signals are
observed (Fig. 4.4). It demonstrates good stability of the catalyst structures which are not markedly
changed after the reaction. The CeO: diffraction peaks at 28.55° ((111) crystal plane) and 33.08°
((200) crystal plane) in 2@ can be identified [79]. The intensity of those peaks is decreased after
the reactions which might be due to the coke formation on the catalysts’ surface. It is also worth
mentioning that there are no noticeable diffraction peaks of Ga203 because loaded Ga only has 1
wt% and Ga species are usually highly dispersed on the surface of the catalysts which has been

proved by previous studies [83,84].

N2 physisorption was carried out to further explore the physical properties of the fresh and used
catalysts. The result (Table 4.9) shows that fresh Ga-Ce/Al203 has almost no micropore and the

predominantly mesopores contribute to the largest total pore volume. Fresh Ga-Ce/TS-1 and Ga-
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Ce/UZSM-5 are microporous materials whose micropore surface area occupies a large proportion
of their total surface area. Ga-Ce/TS-1 has more mesopore volume than Ga-Ce/UZSM-5, and it has
an integration of micropores and mesopores (Fig. 4.5), which might be one of the reasons for better
performance. By comparing the properties of used catalysts, Ga-Ce/TS-1 has a remarkably larger
total surface area, micropore surface area, as well as micropore volume than Ga-Ce/UZSM- 5,
proving that Ga-Ce/TS-1 has better tolerance of coke formation than Ga-Ce/UZSM-5, especially

for the microporous structures.

Table 4.9 N2 Physisorption results of the fresh and used catalysts

BET External Total
Micropore Micropore
Feed surface surface pore
Catalyst surface area volume
gas area area volume
(m*/g) (mL/g)
(m?/g) (m?/g) (mL/g)

Ga-Ce/ALO; / 216 11 206 0.619 0.004
used Ga-Ce/ALOs CH, 136 0 156 0.273 0
used Ga-Ce/ALOs N, 103 0 130 0.243 0

Ga-Ce/UZSM-5 / 338 185 153 0.314 0.098
used Ga-Ce/UZSM-5 CH, 19 0 17 0.066 0
used Ga-Ce/UZSM-5 N, 17 0 21 0.050 0

Ga-Ce/TS-1 / 325 133 192 0.336 0.073
used Ga-Ce/TS-1 CH, 104 67 37 0.098 0.038
used Ga-Ce/TS-1 N, 92 63 30 0.089 0.035
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4.5 Conclusions

In this study, the technical feasibility of vegetable oil methanotreating is proved. Reaction
performances of Ga-Ce/Al20s, Ga-Ce/UZSM-5, and Ga-Ce/TS-1 are investigated by the
comparison of the gas yield and coke yield of the reactions, simulated distillation analysis,
elemental analysis, and *H NMR analysis of the oil products. 84.23 wt% of liquid yield, 72.8% of
oxygen content reduction, and 71 wt% of light hydrocarbon fraction (< 350 °C) are achieved by
Ga-Ce/TS-1 catalyst under the methane environment. Compared with the reactions processed under
the nitrogen environment, the introduction of methane in the vegetable oil catalytic cracking
process results in lowered coke yield, reduced average molecular weight, promoted oxygen content
reduction and decreased yield of olefinic hydrocarbons. According to the deoxygenation
performance, there is a certain gap between hydrotreating and methanotreating technologies in the
current stage. However, it provides a clear direction for us for the further research and optimization

of the catalysts.
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Chapter Five: Conclusions and Recommendations

5.1 Conclusions

In this thesis, the technique of catalytic light crude upgrading under a methane environment
was systematically explored. Specifically, a series of methane-assisted desulfurization and
deoxygenation experiments were evaluated with extensive studies. From the desulfurization
perspective, it is conclusive that a combination of Ga-Mo intermetallic particles on UZSM-5
support has a promising performance for sulfur content removal in the presence of methane which
achieves a conversion from the MGO and MDO feedstocks with 0.2 wt% of sulfur into the products
with less than 0.1 wt% sulfur. From the deoxygenation point of view, a combination of Ga-Ce
intermetallic particles on TS-1 support achieves over 70% of oxygen content removal for canola
oil under a methane environment. These catalysts and feedstocks were subjected to a continuous
fixed-bed flow reactor system to provide ideas of their applicability to industrial-scale production.
Methane was compared to nitrogen-controlled experiments and it was seen that methane provides

improved liquid yield, improved sulfur content or oxygen content reduction, and reduced coke yield.

When MGO and MDO are employed as the co-feed with methane, the following conclusions

were made:

« Ga-Mo presence provided the indispensable acidic sites to promote the sulfur content

removal, BTEX yield, as well as methane activation during the reactions.

« Methane presence increased liquid yield and sulfur content reduction compared to the
nitrogen environment, possibly due to the incorporation of methane and the liquid

feedstocks.

When canola oil is employed as the co-feed with methane, the following conclusions were
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made:

Ga-Ce doped titanium silicate exhibited a promising oxygen removal performance,
improved the quality of the product simultaneously which was reflected in a reduction
of olefin content and an increment of the light fraction yield, also resulting in a high

level of liquid yield, and a low level of coke yield.

Methane presence promoted oxygen content reduction, decreased the coke yield and
the olefin yield compared to the nitrogen environment, possibly due to the

incorporation of methane and the liquid feedstock.

Catalyst crystallinity was maintained throughout the reaction which was confirmed by

XRD.

5.2 Recommendations for future work

1.

2.

The mechanism of methane-assisted desulfurization and deoxygenation methods
should be further investigated. | suggest carrying out model compound studies by
processing single species of sulfur-containing substances (such as thiophene,
dibenzothiophene, and 4,6-dimethyl dibenzothiophene) or oxygen-containing
substance among the constituents of industrial feedstocks. Methane can be monitored
through isotopic labeling (i.e 3CHa) so that the evolution of methane fractions can be
traced during the reactions. Besides, >*C NMR can be utilized to identify the location

of 13C species in the liquid product.

A long-term process should be conducted to investigate the stability, the change of
activity, as well as the regeneration of the catalysts. A larger scaled reactor system may

be required for the long-term run. Some technical issues also need to be taken into
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consideration including pellet size, pellet shape, possible blockage in pipelines, and

possible pressure drops in the reactor system.

Further optimization of the reaction conditions should proceed. Adjustable parameters
of the reaction conditions including temperature, pressure, space velocity, and types of

the reactor system can be properly changed.

New catalysts with improved performance will be developed. Support materials with
controlled acidity and porosity will be fully explored to suppress the coking and
cracking to achieve higher liquid yield and selectivity. Different active metals will be
loaded onto the support materials and their loading amount will be optimized.
Furthermore, different loading methods will be applied and compared to reach the

optimal catalysts for light oil upgrading in the presence of methane.

. Some new types of feedstocks should be further applied to methane-assisted light crude
oil upgrading technologies. For the desulfurization study, high sulfur gasoline, high
sulfur diesel, and high sulfur coke naphtha could be used as the liquid feedstocks. For
the deoxygenation study, other typical biomass samples such as bio-crude from
pyrolysis, oleic acid, and triglycerides also could be applied. Carrying out these in-
depth studies will check the general adaptability of the methane-assist desulfurization

and deoxygenation approaches, and pave paths for future commercial applications.
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