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ABSTRACT

The presented study focused on the methods of synthesizing the hexagonal boron nitride (h-
BN), carbon dots (C-dots) and carbon dot doped boron nitride (CBN) nano materials for
applications in dibenzothiophene (DBT) desulfurization. The synthesized materials were
characterized using different analytical techniques such as transmission electron microscopy
(TEM), scanning electron microscope (SEM), X-ray diffraction (XRD) and fourier transform
infra-red (FTIR) to confirm the synthesis of the desired products. H-BN was synthesized using
chemical vapor deposition (CVD) and heat treatment furnace (HTF) methods, with CVD
producing better h-BN product at 900 °C calcination temperature and HTF products forming
with high impurities. FTIR analysis of h-BN CVD (900 °C) showed two characteristic peaks
at 1369 cm™ and 787 cm confirming the formation of h-BN. An extra peak at 3250 cm™ of
hydroxyl (-OH) vibration, indicates the presence of small amount of -OH on h-BN on all the
products. The -OH peak intensity was decreased with increased calcination temperature, as
shown from the FTIR spectra of different h-BN products calcined at 3 different temperatures.
The TEM analysis observed several stacked parallel line-like structures (layers) with multiple
layered disordered structures of h-BN flakes. The SEM image displayed an unevenly
distributed grained powder of h-BN microstructure. XRD peaks of h-BN synthesized via CVD
method reveals a strong peak of the crystallographic (002) plane at 20 = 27.17 ° with some
broadening, indicating low crystalline nature of h-BN. The C-dots were successfully
synthesized using hydrothermal carbonization of chitosan raw material in an autoclave. The
existence of various functional groups in C-dots was confirmed by the FTIR spectroscopy.
TEM images clearly showed a nearly spherical shaped C-dots with diameter of 5-10 nm. XRD
analysis showed a broad diffraction peak at 26 = 21.07 ° indicating the presence of amorphous

carbon.



The synthesis of novel CBN material was successfully carried out by adapting a method from
the literature. The FTIR analysis shows that the h-BN was not modified by C-dot addition.
TEM image of CBN confirms the doping of nano sized C-dots into the h-BN lateral layers. The
SEM images reveal porous microstructure of the CBN nanomaterial indicating the doping of
C-dots induced some structural defects into the h-BN that resulted in reduction of the
crystalline nature of CBN. XRD analysis of CBN revealed a slight shift in main peak as a result

of amorphous C-dot doping on h-BN.

Mixed matrix membrane (MMM) membranes based on polyphenylsulfone (PPSU) embedded
with the synthesized h-BN and CBN were developed and analysed for the desulfurization of
DBT-hexane model fuel. The FTIR analysis of the membranes revealed that there was no
change in the PPSU functionalities except for the additional peak at 3233 cm™* for PPSU-CBN
membrane. This indicates the presence of -OH group which might result in the interaction
between CBN and PPSU of the MMM membranes. The SEM images of both pristine PPSU
and PPSU MMM membranes revealed the porous nature of the developed membranes. The
PPSU membrane showed less pores compared to the MMMs. The adsorption studies at varying
parameters show that PPSU-CBN membranes were performing better than the PPSU-h-BN
membranes. The addition of C-dots is believed to have increased the adsorption sites in the
CBN during synthesis which enhanced the adsorption of DBT on membranes. The temperature
variation had more influence on the adsorption capacity of the membranes which can be
observed from the adsorption isotherm studies. The kinetic models of the adsorption are studied
for the PPSU-CBN membrane adsorption system. The models show that the diffusion of
adsorbate into the pore of the adsorbent and the interaction of adsorbate-adsorbent are favoured
at room temperature. The results indicate a multi mechanism occurring at 309.15 K where the
reaction rate was considered as a controlling factor. Based on the R? values, it can be concluded

that the removal of sulfur using a polymeric membrane embedded with CBN involved various

\Y



mechanisms and the diffusion film models confirmed that the adsorption was controlled by the

membrane-pore diffusion mechanism.
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1. CHAPTER ONE: INTRODUCTION

1.1 Introduction

Sulfur and its compounds are naturally present in crude oil and shale gas (Samokhvalov and
Tatarchuk, 2010). The removal of sulfur is significant at various stages of petroleum refining
due to its toxicity; corrosive nature and; its presence in transportation fuels can result in SO2
emissions leading to several environmental problems (Martinie et al., 2010). According to the
latest environmental regulations, the sulfur content in the transportation fuel must be reduced
to ultra-low levels of 30-50 ppm for gasoline and diesel (Babich and Moulijin, 2003;
Samokhvalov and Tatarchuk, 2010). The implication of these regulations produces cleaner
fuels besides producing large quantities of petroleum streams concentrated with sulfur
compounds. The concentrated sulfur streams also contain a mixture of other organic and
inorganic compounds which are extremely alkaline, odiferous and toxic because of chemical

treatments to remove sulfur (Martinie et al., 2010).

Such streams cannot be released into the sea or land directly due to the possibility of
contamination and thus require significant processing that allows a safe disposal and recovery
of possible chemical compounds. The current regulations on industries for environmental
protection emphasize on upgrading technologies to minimize the sulfur content from fuels that
are toxic to environment. As a result, ultra-deep desulfurization of liquid fuels is important,
and this has attracted a lot of attention in recent years. In order to meet the much anticipated
zero sulfur emission standards in the future, significant attempts have been made to develop
innovative sulfur reduction methods and also new materials for high efficiency desulfurization

of hydrocarbon fuels.



1.2 Research Background and Motivation

South Africa invests huge amounts in importing crude oil along with other industrial minerals
including sulfur due to the rapid growth of product demand. About 80% of the world’s energy,
as shown in Figure 1.1 based on latest amounts, is produced from fossil fuels, over half of
which comes from petroleum (Srivastava, 2012). Several processes which include petroleum
refining and other material synthesis require expensive methods to efficiently obtain high
yields of valuable products. This dependency of energy supply on hydrocarbons (crude oil
products) due to growing demand has become a major concern for the country in terms of
affordability (imports) and climate change. As per Energy Master Plan of Liquid Fuels, the
country strongly promotes energy efficiency in all energy consuming sectors for sustainable

development to reduce emissions and meet product demand (Bergh, 2012; DME- RSA, 2008).

Other
renewables

Figure 1.1 World Energy Demand (IEA, 2021)



In light of the above concerns, the South African government has devised a sustainable
development strategy aimed at encouraging energy conservation, reducing the negative effect
of energy use on the environment, and lowering economic costs, all of which can contribute to
the country's social, economic, and environmental sustainability. Therefore, government
encourages the academia and industries to not only develop new technologies and
methodologies that are energy efficient and environmentally beneficial but also provides an
opportunity to recover possible chemical compounds that can be used in appropriate

applications.

Several physical and chemical techniques such as hydrodesulfurization (HDS); amine gas
treatment; catalytic and non-catalytic adsorption; conversions such as oxidation, alkylation;
and membrane separation are employed for desulfurization of crude oil products which in turn
are highly expensive and involve complex technical operation (Kumari and Sengupta, 2021).
While several such methods for sulfur removal in industries have been successfully introduced,
developing new devices or optimizing existing technologies will increase product output and
minimize material consumption during oil refining. (Lin et al., 2010). Membrane technology
is one such method that can be considered efficient in removal of sulfur compounds from
petrochemical industrial streams. As a result, the production of membranes for desulfurization
has the ability to save energy because the separation process occurs without phase transfer, and
it can deliver quick, with low capital and operating costs, and is simple to operate when
compared to traditional techniques. The advantages of such technology also include easier scale

up and high selectivity (Asghar et al., 2021).



1.3 Problem Statement

Sulfur removal from petroleum products has always been essential, and it continues to be so
today due to environmental concerns (Martinie et al., 2010). Increasing pollution has resulted
in continuing worldwide effort to impose strict regulations on petroleum industries to adhere
to maintaining ultra-low sulfur levels in the products to significantly reduce sulfur toxicity in
environment (Gawande and Kaware, 2014). The combustion of fuel by automobile engines
results in SOx emission causing major air pollution. As a result, to lessen the detrimental health
and environmental effects of automobile exhaust emissions, the sulfur content of motor fuels

must be reduced (Babich and Moulijin, 2003).

There are many physical and chemical separation techniques as well as the more recent
biological separation techniques available in the market and in the literature for sulfur removal
from the fuel. As desulfurization technology efficiency becomes a critical factor, only a few
are considered successful since most of these methods are inefficient at the industrial level.
Conventional methods such as hydrodesulfurization have been widely used commercially for
sulfur removal. However, the products obtained suffer from loss of octane number and the
method is highly expensive (Kong et al., 2007). Other concerns requiring attention include
capital-operation cost, low feed flexibility, short process cycle, technical complexity and
overall refiner value (Ito and VVan Veen, 2006). As a result, it is important to improve the current
desulfurization process in order to increase sulfur removal efficiency while also reducing costs
and reusing waste to create useful goods (Lin et al., 2010). This research on membrane
separation can possibly address the issues of sulfur removal from sulfur rich petroleum streams.
Use of this membrane technology is attractive as the material is inexpensive, does not require

pre-treatment techniques, and has longevity and is simple in operation. Therefore, the scope of



the project will be on the membrane design and optimization to maximize selectivity for sulfur

species.

Polydimethylsiloxane (PDMS) is a polymer and because of its low cost, exceptional
permeability to small molecules, good durability, and processability, PDMS is the most
common polymer for desulfurization. However, high flexibility of its molecular chains results
in low mechanical strength. Other polymers like polyimide, poly (ethylene-glycol),
polyurethane, etc., are prevalent in the field of desulfurization (Fihri et al., 2016).
Polyethersulfone (PES) is a member of polyarylsulfone which has been used widely in
separation techniques due to its excellent chemical, thermal, hydrolytic stability and good
mechanical property with a considerable research on its modifications. The sulfone group in
the core of the main polymer chain distinguishes polyaryl sulfones from other polymers (Mark,
1969). The main disadvantage of PES is its rigidity which results in low selectivity and high
energy demand. Therefore, the recently introduced polyphenylsulfone (PPSU) polymer of
polyarylsulfones can be a stronger candidate for membrane preparation due to its thermal
stability, higher acid/base hydrolysis resistance, chemical resistance and compatibility,
plasticization resistance, and mechanical resilience (Darvishmanesh et al., 2011; Hwang et al.,

2011).

By integrating nanomaterials into the membrane matrix, high flux and selectivity for sulfur
species can be achieved. Boron nitride (BN) and its composites have recently been used as
adsorbents for adsorptive desulfurization and as catalysts for oxidative desulfurization to
separate refractive sulfur compounds like dibenzothiophene (DBT) from liquid fuels. Previous
studies found numerous mechanisms including low coordinated atom construction (Xiong et
al.,, 2016), carbon doping (Xiong et al.,, 2015), oxygen doping (Dai et al., 2020)

or surfactant control (Xiong et al., 2017) to control the local atomic and electronic structure of



BN in order to improve the efficiency of hexagonal BN (h-BN) for desulfurization. Owing to
being inexpensive and metal-free, with low toxicity and high efficiency, h-BN nanomaterials
with high adsorption performance for DBT are preferable (Rajendran et al., 2020). However,
the use of BN is still in its infancy stage for potential applications. Hence, it is important to
apply suitable strategies that will further enhance the efficiency of adsorptive desulfurization

to reach potential industrial applications.

Latest developments in desulfurization using h-BN as an adsorbent has motivated the use of h-
BN material as adsorbent and fillers in the polymer matrix in the present study. To increase
overall selectivity and permeability of the membrane against sulfur compounds, carbon dot
doped boron nitride (CBN) were integrated with the polymer. Small amounts of these CBN
particles added to the membrane are intended to increase the membrane's overall efficiency for

separating sulfur species.

1.4 Research Aim and Objectives

The primary aim of this research work is to develop a polymeric mixed matrix membrane based
on PPSU embedded with nano materials such as h-BN and CBN, and design a desulfurization
system for sulfur rich streams. To achieve the aims of this project, objectives below were
investigated
a) Synthesis and characterization of h-BN and carbon dots (C-dots) as nano filler for PPSU
membrane for removal of dibenzothiophene (DBT) from model fuel,
b) Doping of C-dots onto h-BN to synthesize CBN and their characterization to use as
nanofillers in PPSU to produce mixed matrix membranes for desulfurization;
c) Development and characterization of PPSU-based mixed matrix membranes (MMM)

with h-BN and CBN as nanofillers, and investigation of the chemical and mechanical

6



properties of the PPSU membranes when different weight ratios of nano materials are
used.

d) Performance evaluation of the synthesized h-BN and CBN filled PPSU membranes for
removal of sulfur-containing compounds.

e) Investigation of the nano material concentration, operating temperature, and time on
the adsorption capacities of the the developed PPSU-h-BN and PPSU-CBN
membranes.

f) Evaluation and comparison of the obtained results with the existing adsorption models.

1.5 Thesis Outline

Chapter one briefly describes the research introduction, background and motivation for this
study and also includes the problem statement and the aim and objectives of the current study.
A brief summary on the significance on sulfur removal from fuels and the limitations of

existing desulfurization technologies is also given.

Chapter two, presents the overview of the refinery industry and background information on
existing and future emission policies, existing sulfur removal methods, advantages and the
current challenges faced in the petroleum industry and possible solutions needed to address the

problems.

Chapter three gives a graphical representation and a brief description on the methodologies
involved in the study including the synthesis and characterization of h-BN, carbon dots, and

doping of carbon dots on h-BN (CBN).



Chapter four describes tha development of mixed matrix membranes (MMM) and their

charecterization and the methods used for desulfurization tests.

Chapter five investigates the adsorptive desulfurization efficiency of the synthesized PPSU
membranes embedded with h-BN and CBN materials by varying the operating conditions. The
operating conditions considered for this research work include temperature, time, and
adsorbent filler concentration. Chapters six compares the membrane adsorption capacities with
the existing adsorption models and explains the adsorption kinetics from the results obtained.
The seventh chapter ends with overall conclusion of the study's key results and

recommendations for future studies.

1.6 Conclusion

This chapter briefly introduces the research work and related topics which will be elaborated
in further chapters starting with the literature review. The primary aim of this research work is
to develop a polymeric mixed matrix membrane based on PPSU embedded with materials such
as h-BN and CBN, and design a desulfurization system for sulfur rich streams. The process of
achieving this goal follows a set list of objectives with a relevant and distinctive

methodological processes elaborated in their respective chapters.
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2. CHAPTER TWO: LITERATURE REVIEW

2.1 Introduction

The energy sector constituting of companies that involve in producing and supplying energy is
a dynamic industry. According to various sources, about 80% of the world’s energy over the
last decade, is produced from fossil fuels, over half of which comes from petroleum (BP, 2021).
Since its first production in 1859 crude oil has been the most sought after energy source
considering its usage in transporation, heating, electricity generation as well in the production
of plastics (Soeder, 2021). However, this finite naturally occurring resource is a finite entity
and the world is looking into energy transitions from non-renewable to more efficient and
renewable energy. There are quite a few organizations across the world that track global energy
transitions, collect-prepare-analyse-publish data, perform insights and market analysis even
considering COVID-19 effects. These entities work and report on the energy sector for

organizations to develop appropriate responses and make informed decision.

By various source reports published during the course of 2021, concerning the world’s primary
energy consumption stats, oil is the most reliable fuel at 31.2%, as shown in Figure 2.1. Coal
is the second largest fuel accounting for 27.2%. Natural Gas accounts for 24.7% and is third in
line. Several processes which include oil refining and other material synthesis require
expensive methods to efficiently obtain high yields of energy and valuable products from them

(BP, 2021).
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Figure 2.1 World Energy Consumption (BP, 2021) (reproduced with permission from

BP)

Africa as a continent heavily relies on crude oil (Boateng et al., 2021). South Africa lacks
domestic oil resources and invests huge amounts in importing crude oil along with other
industrial minerals including sulfur due to the rapid growth of product demand (Akinbami et
al., 2021). On average South Africa’s total crude oil demand annually is 26.3 million tons with
the total imports and exports accounting for nearly 50% of the Gross Domestic Product (GDP)
composed of also agricultural and mineral products (Su et al., 2021). This dependency of
energy supply on crude oil products due to growing demand has become a major concern for
the country, as with the rest of the world, in terms of import affordability and climate change.
As per the National Development Plan 2030, the country strongly promotes energy efficiency
in all energy consuming sectors for sustainable development to reduce emissions and meet

product demand (Field, 2021).
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Crude oil is a complex yellowish-black liquid mixture made up of a vast number of
hydrocarbon compounds as well as small amounts of metals and organic compounds containing
sulfur, oxygen, nitrogen (Grimmer et al., 2021). It comes from different parts of the world
found in geological formations beneath the earth’s surface with different physical and chemical
characteristics. Sulfur content in crude oils, for example, ranges from 0.05 to more than 10
weight percent with some commercially produced crude oils exceeding 4% sulfur (Jatoi et al.,
2021). Crude oil and other hydrocarbon products naturally contain sulfur in minor quantities

as inorganic or organic forms (Shi and Wu, 2021).

Sulfur must be reduced or eliminated to considerable levels as its presence in petroleum
products generally results in equipment corrosion which includes pipelines, pumping, and
refining equipment, and the production of harmful emissions due to combustion. The primary
cause for the formation of soot or particulate in the atmosphere from diesel combustion is the
presence of trace amounts of sulfur in the black exhaust fumes. It also contaminates the
oxidation catalyst in the emission control system, making the oxidation of harmful Carbon
Monoxide (CO), hydrocarbons, and volatile organic compounds less efficient (Rochard et al.,
2021). Adding to the aforementioned issues, new environmental legislation in many countries
mandated an ultra-low level of sulfur in transportation fuels of 10-15 parts per million (ppm)
to further reduce the negative effects of sulfur compounds (Roman et al., 2021). The success
of ultra-deep desulfurization depends on various factors such as process parameters, feedstock
source, and quality, the reactivity of sulfur compounds in the feed stream, etc. (Lima, 2021)
Consequently, petroleum industries should aspire to not only produce clean fuels but also

effluents that are safe for disposal.
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2.2 The State of Qil Sector, Desulfurization and Emission Policies across the Globe

Based on the extensive research data and energy sector information available as of the last
quarter of 2021, the following sections briefly delve into the oil and gas energy sector providing
an overview of oil reserves and their demand globally especially in road transportation, the
refinery industry, desulfurization and related background information on existing and future

emission policies, particularly on SOx compounds.

The following sections also selectively leverages, reviews, reproduces, and summarizes certain
aspects of the energy industry that are free for use or provided by organisations such as Stratas
Advisors, International Energy Agency (IEA), and British Petroleum (BP) p.l.c amongst others
with due acknowledgement or permission. Briefly, Stratas Advisors is an energy sector
consultancy firm helping provide insights on periodic data across the oil and gas value chain
(Stratas Advisors, 2021). IEA is an intergovernmental organisation that works with countries
around the world to shape energy policies across countries (IEA, 2021). British Petroleum p.l.c.
is a multinational oil and gas company that periodically reviews world energy data (BP, 2021).
The Organization of the Petroleum Exporting Countries (OPEC) is also another
intergovernmental organisation shaping energy policies across its member countries (OPEC,

2021).

2.2.1 World Oil Reserves

Between 1860 and 2019, the world consumed just about 1.5 trillion barrels of oil and as of the
year 2021, there is an estimate of almost 1.5 trillion barrels of oil left in the world (Davies and
Simmons, 2021) (World Oil Projections , 2021). At the current rate of extraction, oil is expected
to last for another 53.3 years (Dolah et al., 2022). The continent of Africa is home to an
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abundance of energy resources, including about 10% of the world’s oil reserves, however, it
still has difficulty in harnessing these precious resources to meet its energy demand (OPEC,
2021). The map shown in Figure 2.2 depicts proven oil reserves as of 2021. Venezuela being
the top in the list, is estimated to have almost 300 billion barrels of reserves and 18.2% of the
world oil share. South Africa on the other hand is ranked 86 with estimated oil reserves of 15

million barrels with 0.0009% world share (Landgeist, 2021) (Stratas Advisors, 2021).
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Figure 2.2 World Oil Reserves (Landgeist, 2021) (Stratas Advisors, 2021)

Oil will continue to play an important role in daily life since it has proven to be a key necessity.
Based on current industry stats, one of the most important industries of the global economy is
petroleum refining (Hashmi, 2021). It continues to play a critical role in global industrialization
and urbanization, processing more goods greater than any other sector partaking in the day-to-
day lives of the current 7.9 billion population (Rees, 2021). Thanks to crude oil and its refining

process, the demand for transportation fuel, electricity, and various consumer goods such as
16



plastics is expected to only rise with projected population growth to about 8.2 billion by 2025

(Kumar, 2021) (World Population Projections, 2021).

Hydrocarbons, as well as other minerals and trace elements, make up crude oil. Alkanes,
cycloalkanes, aromatics, polycyclic aromatics, sulfur-containing compounds, and other
compounds make up the bulk of crude oil. Most studies focus on refineries environment issues
and COz failing to concentrate on other Green House Gases (GHG) such as CH4, N20, and SO2
emissions including liquid and solid waste (Abdussalam et al., 2021). Sulfur being the most
abundant element next to carbon and hydrogen, and followed by nitrogen, are typically
concentrated in the crude oil's higher boiling fractions (Shi and Wu, 2021). Sulfur compounds
cause refining facilities to corrode and catalysts to poison, necessitating processing
considerations such as desulfurization (Larraz, 2021). Additionally, nitrogen-compounds have
a direct effect on the refining processes by poisoning cracking catalysts leading to the inhibition

of the hydrodesulfurization catalysts (Bello et al., 2021).

Furthermore, there are negative environmental consequences due to sulfur and nitrogen oxide
emission and it is important to remove them during the refining process. Sulfur and nitrogen
when removed, protects the machinery and the atmosphere while also making the process more
reliable and cost-effective (Zehra et al., 2022). Refiners will gain a lot of money by improving
the design and operation of these facilities. Instead of constructing wholly new plants,
businesses are investing billions of dollars in the research and development of novel procedures
that can save time and money while also being safer for the environment. Besides, the oil and
gas industry is under tremendous pressure to provide safe working conditions while also
optimizing the refining process due to economic, regulatory, and environmental concerns

(Bathrinath et al., 2021).
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2.2.2 World Oil Demand

Despite the COVID pandemic, the long-term energy trends globally and the world primary

energy demand is set to increase to 303 thousand barrels of oil equivalent per day (mboe/d) in

2025 when compared to 275.4 mboe/d as shown in Figure 2.3, majorly from the developing

countries (OPEC, 2021). Further, the energy demand additions from the developing countries

comes from its promising economic and population growth, and increased urbanization.

On the other hand, the low population growth in the Organisation for Economic Co-operation

and Development (OECD) region with 38 member countries, improving efficiency in all

principal energy sectors and a shift towards renewable energy, with lower transformation losses

compared to conventional electricity generation, are main precursors to declining primary

energy demand in the region (Paramati et al., 2022).
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There is a stark contrast in trends between expected developments in the OECD and nhon-OECD
countries. Future oil demand growth globally will be almost exclusively driven by non-OECD
countries in which demand will increase to 94.4 mboe/d in 2025 from about 82.5 mboe/d at the

start of 2021 as shown in Figure 2.4.
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Figure 2.4 World Oil Demand by Region 2021 - 2025 (OPEC, 2021)

The COVID-19 pandemic during the first half of 2020 had unprecedented implications for the
road transportation sector in particular. The otherwise busy streets of large cities became empty
and quiet. Car sales alone plunged by more than half in many countries over the course of
several months. Oil demand in this sector collapsed. Bearing in mind many such uncertainties
and assuming a gradual demand recovery during the next few years, oil demand in the
automobile sector itself is projected to reach around 46.3 thousand barrels per day (mb/d) in
2025 as shown in Figure 2.5. Taking into account the projected regional developments in the
size of the vehicle fleet, its composition, and fuel economy and vehicle miles travelled (VMT),
this is an increase from about 40.0 mb/d at the start of 2021, apart from shipping, aviation, and
other sectors (OPEC, 2021) (IEA, 2021). Future oil demand in this sector will heavily depend

on developments in global vehicle stocks in terms of their size and composition.
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Figure 2.5 World Oil Demand by Road Transportation 2021 - 2025 (OPEC, 2021)

Standards for fuel efficiency vehicles are set to be tightened globally. Many African countries
have national energy strategies, albeit with differing time horizons. For example, the South
African government has approved a Low Emission Development Strategy (SALEDS)
intending to achieve net-zero emissions by 2050. It plans to achieve this goal with Nationally
Determined Contribution (NDC) target emissions of 398-510 million metric tons of CO:2

equivalent (MMtCO2e) from 2021-2025 (Lawrence and Ballard, 2020).
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Taking into account the projected regional developments in the size of the vehicle fleet, its
composition, and fuel economy and VMT, vehicle fleets continue to expand in developing
countries due to economic and population growth, and urbanization. Globally, the number of

passenger cars is expected to reach 1.35 billion in 2025 from 1.19 billion at the start of 2021,
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and commercial vehicles are projected to increase to 287 million in 2025 from about 249
million at the start of 2021 as shown in Figure 2.6 and Figure 2.7 respectively (OPEC, 2021)

(IEA, 2021).

2.2.3 Crude Oil Refinery Process

In a nutshell, an oil refinery is an industrial crude oil processing plant that converts crude oil
into items like naphtha, kerosene, diesel fuel, and liquified petroleum gas (LPG). Petroleum
refining is a dynamic industry and the price of oil can have a significant impact on inflation as
oil serves as a key production input to firms for the manufacturing of various goods and services
(Babuga and Naseem, 2021). The petroleum refining and process engineering industries are
always evolving. Although no new refineries are being built, corporations throughout the world

continue to expand or repurpose large portions of their existing refineries year after year.

Crude oil is separated into different fractions through the process of boiling, which give this
process the term fractional distillation. This is the main process in petroleum refining. During
the crude oil boiling process, the lighter, more volatile components of crude oil rise to the top
of the boiling column, while the heavier fractions with the greatest boiling points remain at the
bottom (Kanaboshi et al., 2021). Thermal cracking of the heavy bottom fractions produces
more usable light materials (Aljamali and Salih, 2021). Sulfur is a non-metallic yellowish
material that is also known as ‘brimstone’ (Torres et al., 2020). Many fossil fuels contain it in
different concentrations, and their combustion releases sulfur compounds that are hazardous to
the atmosphere. The sulfur content of some of the more widely used fossil fuels is classified,

with lower sulfur fuels typically being higher-priced (Huang et al., 2020).
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No. 2 Distillate, which is a petroleum distillate that can be used as either diesel fuel or fuel oil,
is currently estimated to have a sulfur level of 0.05 % or less for on-highway vehicle use and a
sulfur level of greater than 0.05 % for off-highway use, home heating oil, commercial and
industrial uses. The distillation temperature for the No. 2 Diesel Fuel group of the No. 2
Distillate is 640 degrees Fahrenheit at the 90% recovery stage (Liu and McMillan, 2020). It is
used in high-speed diesel engines like those used in locomotives, trucks, and cars. This involves
the necessity for Ultra-Low Sulfur Diesel (ULSD) with a sulfur level of less than 15 ppm.
Residual fuel is graded as containing no more than 1% sulfur, regardless of its use. Coal can
also be graded as low-sulfur if it contains less than 1% sulfur or high-sulfur if it contains more

than 1% sulfur (Koech et al., 2021).

Because of its many and varied parts, as well as the wide variety of products that can be made
from it, crude oil processing is extremely complicated. Oil is continually pumped via the heat
exchanger device and into the vaporizer section of the topping unit's multiple-draw fractioning
tower through the tube still. Cracking produces cracking-still gas, pressure distillate, cracked

gasoline, and pressure-still tars, among other things (He et al., 2021).
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Figure 2.8 Basic Refinery Operations (Coker, 2021)

Oil refineries are complex facilities, but they are well-established and well-integrated. The
basic crude oil refinery process is depicted in Figure 2.8, which includes topping, thermal
cracking, catalytic reforming, vacuum distillation, and catalytic cracking. Some individual
refinery processes at the unit level are common to all refineries. Some of the basic refinery
products include Gasoline, Diesel, Kerosene, Naphtha, Fuel oils etc. and are used in both

industrial and domestic sectors (Aljamali and Salih, 2021).

Sulfur and its compounds are naturally present in crude oil and shale gas (Katasonova et al.,
2021). The removal of sulfur is significant at various stages of petroleum refining due to its
toxicity, corrosive nature, and its presence in transportation fuels can result in SO2 emissions
leading to several environmental problems (Randrianarisoa and Gillen, 2021). The amount of

sulfur in the oil and air is measured in parts per million (ppm). According to the environmental
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regulations in the last decade, the sulfur content in the transportation fuel must be reduced to
ultra-low levels on an average in the range of 10-50 ppm for gasoline and diesel (Roman et al.,

2021)

The implication of these regulations produces cleaner fuels besides producing large quantities
of petroleum streams concentrated with sulfur compounds. The concentrated sulfur streams
also contain a mixture of other organic and inorganic compounds which are extremely alkaline,

odiferous, and toxic because of chemical treatment to remove sulfur (Katasonova et al., 2021).

Such streams cannot be released into the sea or land directly due to the possibility of
contamination and thus require significant processing that allows safe disposal and recovery of
possible chemical compounds. The current regulations on industries for environmental
protection emphasize on upgrading technologies to minimize the sulfur content from fuels that
are toxic to the environment. Hence, ultra-deep desulfurization of liquid fuels is critical, and it
has gotten a lot of media coverage in recent years. Significant efforts have been made to create
innovative sulfur reduction strategies to fulfill the greatly anticipated zero sulfur emission
regulations in the second half of this century as per the Paris Agreement as well as new

materials for high efficiency desulfurization of hydrocarbon fuels (Kanaboshi et al., 2021).

The removal of sulfur compounds is completely dependent on the boiling point range of the oil
and this is directly related to the structure or nature and concentration of sulfur species. As a
result, the amount of sulfur compounds in the distillation fraction increases with boiling points
ranges, and the heavy distillate contains the most refractory sulfur compounds (Javadli and De
Klerk, 2012). In crude oil, there are many important groups of sulfur-containing compounds as

shown in Figure 2.9.
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Figure 2.9 Crude oil sulfur compounds (R=alkyl) (Javadli and De Klerk, 2012)

Sulfur is removed from petroleum oil, molten metals, and flue gases during desulfurization
through the Flue Gas Desulphurisation System (FGD) processes based on the absorption of
sulfur dioxide. During the refining process, petroleum desulfurization extracts sulfur and its
compounds from different sources. Catalytic hydrotreating is used in the desulfurization
process apart from other chemical or physical processes, such as the adsorption process. The
amount of sulfur extracted and the type of stream treated to determine the desulfurization

method.

Hydroprocessing is a conventional refining process in which hydrocarbons react with hydrogen
using methods such as hydrotreating, hydrocracking, and hydrogenation (Prajapati et al., 2021).
Figure 2.10 depicts a typical but complex refinery unit's process flow diagram, which includes
not only the three primary processes of separation, conversion, and treating, but also additional

processing (Coker, 2021).
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Figure 2.10 Complex Refinery Operations (Coker, 2021)

Since crude oil prices are unpredictable, refiners are dealing with a competitive business

climate. For example, the demand for oil in road transport and aviation was hit the hardest as

mobility ground to a halt during the COVID-19 lockdowns. With less demand for heavy, high-

sulfur, and acidic crudes, demand for lighter products is growing, and product regulations and

emission standards are tightening. On the other hand, transportation fuel demand continues to

rise.
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2.2.4 Global Emission Standards

Sulfur removal from petroleum products has always been essential, and it continues to be so
today due to environmental concerns. Increasing pollution has resulted in continuing
worldwide efforts to impose strict regulations on petroleum industries to control Green House
Gas (GHG) emissions and maintain ultra-low sulfur levels in the products to significantly
reduce sulfur toxicity in the environment. Sulfur compounds are acidic in nature which are not
only toxic but are also highly reactive when forming SOz resulting in major air pollution apart
from CO2 (Kanaboshi et al., 2021). Countries globally have pledged to reduce emissions and
make this transition secure, affordable and fair to all citizens. Protocols are in place globally to
ensure that relevant laws, such as risk communication, pollution, and waste minimization, are

followed.

In addition to pure hydrocarbons and carbon monoxide, there are sulfur oxides (SOx), nitrogen
oxides (NOx), ammonia (NHs), hydrogen sulfide (H2S), particulates, as well as toxic and
volatile organic compounds are all present in crude oil. Sulfur, which is also the focus of this
research, is the most critical of these from the viewpoint of air pollution and environmental
problems such as acid rain. High levels of sulfur in the refinery streams can cause refinery
equipment to corrode and result in sulfur compounds being released into the atmosphere

(Coker, 2021).

A few years earlier, climate change and fuel quality legislation were addressed separately, but
today, any industry that uses fuel oil has stringent policies in place to improve air quality and
mitigate global warming. This section aims to briefly evaluate the emission standards,
regulations, and policies associated with reviving refineries and desulfurization. Even though
the COVID-19 pandemic has temporarily disrupted the energy sector and suppressed emissions

due to the economic downturn but the low economic growth is not to be mistaken as the low-
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emission strategy. Perhaps faster systemic improvements in the way we generate and use
energy, as well as policies implemented by countries around the world, will permanently

reverse the pollution trend.

Governments have the power and duty to accelerate renewable energy transformations and
bring the planet on track to meet our climate targets, including net-zero emissions. The map
shown in Figure 2.11 shows the November 2021 SO2 emissions data across the world provided
by NASA. SO2 Climatology derived from satellite instruments depicts a global image of SO2
column mass, which is the cumulative amount of SO2 present in the Earth's atmosphere's lowest

layer (NASA, 2021).
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Figure 2.11 Global SO2 in Atmosphere (NASA, 2021)
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Non-GHGs such as sulfur oxides (SOx) and nitrogen oxides (NOx), are responsible for poor air
quality, and Green House Gases (GHGS) such as carbon dioxide (CO2) and methane (CH4), are
responsible for climate change. These are the two major types of gases emitted by fuel oil. The
combustion process oxidizes the sulfur content of the fuel, converting it to sulfur dioxide (SO2)
and sulfur trioxide (SO3) molecules, resulting in SOx emissions. Even though the co-benefits
of sulfur and carbon reduction are unclear, SOx emissions cause a cooling effect on the
atmospheric particles and clouds. Therefore, this has also led to studies expressing concerns
that reducing SOx emissions would reduce the cooling impact and may result in net warming

(Haywood, 2021).

Crude oils include sulfur heteroatoms. Hydrogen sulfide (H2S) which is contained in crude oils
in the dissolved state (< 50 ppm by weight) is a toxic gas. Crude oils are classified as corrosive
(sour) or non-corrosive (sweet) in simple terms based on the H2S concentration within them.
Sour crude is described as crude that contains more than 6 ppm of dissolved H2S. Such sulfur
compounds react with the iron and steel used in the refining process corroding the machinery,

the container tanks, and the piping resulting in pyrophoric iron sulfide (Lang, et al., 2021).

As mentioned earlier sulfuric acid and sulfur dioxide are generated when petroleum products
containing sulfur compounds are burned. Hydrodesulfurization and other catalytic
hydrotreating processes strip the sulfur compounds from the refinery product streams. In the
case of mercaptans, sweetening processes either eliminate the obnoxious sulfur compounds or
turn them into odourless disulfides. When a crude's total sulfur content is assessed and if it
exceeds 1%, it is characterized as corrosive or sour or heavy and less than 1% its sweet or light

crude (Kikasu, 2021).
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To avoid damage to pollution control systems in Euro 4/1V and above vehicles, low sulfur fuels
with a ppm of less than 50 are required. The most efficient emissions control systems, such as
diesel particulate filters, require maximum sulfur levels of 10 to 15 ppm. This is ultra-low
sulfur fuel required to achieve the emission reductions needed to meet filter-forcing
requirements (Zhai and Wolff, 2021). According to recent reports, while cleaner fuels will
minimize SOx related premature mortality and morbidity, policymakers must weigh trade-offs
that could result in climate change consequences. Sulfur Dioxide (SOz) is a colorless, odorless
air pollutant that is widely distributed and dangerous to breathe. However, calculating pollution
can be done in a variety of ways. The simplest way to calculate transportation emissions is to
multiply the amount of energy or fuel consumed by an appropriate “emissions factor,” which

is the ratio of emissions emitted per unit of energy or fuel consumed (Akpan and Fuls, 2021).

SO2 accounts for 98% of SOx emissions. The type of fuel used and, more specifically, the
amount of sulfur in the fuel has an impact on sulfur dioxide (SO2) emissions. To compute SO2
emissions, calculate the total bunker intake (in tonnes) by the percentage of sulfur present in
the fuel and then by the exact factor of 0.02 (in tonnes). For example, when burning marine
fuel with a sulfur content of 2.5%, the acceptable emissions factor is equivalent to 50 kg SO2
per tonne of fuel. The factor of 0.02 is exact and is derived from sulfur-oxygen chemical

reactions (Kontovas, 2014).

The top ten countries that released the most anthropogenic SOz for 2019 - 2020, are shown in
Figure 2.12. Anthropogenic refers to something that occurs as a direct or indirect consequence
of human activity. India is the world's largest SOz emitter, accounting for over 21% of global
anthropogenic SO2 emissions, led by Russia and China. South Africa's SO2 emissions, which
are ranked seventh on the list, are also entirely anthropogenic (GreenPeace, 2021). The South

African government relaxed SOz emission regulations for coal power plants in April 2020,
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more than doubling the allowed emission rate. This call was in support of the country’s power
utility companies, which considered compliance with SOz regulations expensive to the
economy. In 2021, South Africa’s coal-reliant power utility, Eskom, has become the world’s
biggest emitter of SOz according to the Centre for Research on Energy and Clean Air (CREA).
Eskom, on the other hand, has stated that it has begun a program to convert retiring coal-fired

power plants to renewable energy sources (CREA, 2021)
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Figure 2.12 Top Countries emitting SO2 (GreenPeace, 2021)
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2.2.5 SOx Regulations and Policies

Given the dangers of SOx emissions globally, there are regulations in place for all industrial
sectors including transportation to adhere to across the world. The chart shown in Figure 2.13
depicts the global contribution of major industry sectors and natural sources to overall SO2
emissions, expressed in kilotonnes per year (GreenPeace, 2021). Environmental organizations
continually encourage policymakers to suspend investments in fossil fuels and move to cleaner
energy sources, but they must also improve emissions standards and mandate the use of fuel
gas pollution reduction technologies at power plants and other industrial SO2 emitters, as well

as switching to renewable energy sources.
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Figure 2.13 Sources of SO2 emissions (GreenPeace, 2021)
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The Heavy Duty Diesel Initiative (HDDI) of the Climate and Clean Air Coalition (CCAC) is a
global initiative to introduce low-sulfur fuels and cleaner diesel cars. It is a key output of the
CCAC and HDDI, which has been funded and built to direct efforts in the years to follow to
nearly eliminate fine particles and black carbon emissions from new and current heavy-duty
vehicles and engines. This policy also serves as an invitation to join the HDDI and CCAC in
its worldwide desulfurization campaign, directing the efforts of agencies, governments, and
specialists concerned with the environmental and clean air benefits of low sulfur fuels and

greener technology (CCAC, 2021).

Many strategies have been established based on the oil and diesel fuel demand that looked at
global oil flows in terms of quantity and quality, as well as refinery studies that looked at
various refinery upgrades which allowed for the development of low sulfur diesel fuels. As part
of this strategy, several case studies in various regions were examined, and the health benefits
of moving to low sulfur fuels and cleaner diesel vehicles were modelled. This does not include
countries that have already implemented a minimum of 50 ppm fuel sulfur requirements and
related Euro 4/1V equivalent vehicle emissions standards. It's worth noting that there are
significant additional environmental requirements for ultra-low-sulfur fuels and related
standards, as well as the possibility of additional benefits from increased compliance and

enforcement initiatives (CCAC, 2021).

According to the World Health Organization (WHO), air pollution is responsible for one out
of every eight deaths worldwide, making it the world's single most serious environmental
threat. Diesel engines provide 85% of all road transportation. Diesel engine exhaust is
inherently carcinogenic to humans, polluting the environment and causing premature death.
Fine inhalable particles that are 2.5 micrometers and smaller called Particulate Matter (PMz2.5)

are to blame. Sulfur-rich fuel can also harm structures that control nitrogen oxides, a pollutant
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that promotes smog and the formation of more PM2s. By 2030, there will be an immediate
need to reduce short-lived climate pollution by introducing low-sulfur fuels and related vehicle

emission standards.

High-sulfur fuels are still used in more than half of the world's countries. This is necessitating
a revised list of fuel quality requirements as well as a rapid transition to low-sulfur fuel
production at their refineries. The total mass of PM2s produced by an engine in general is made
up of several components amongst which three main components are listed below (Attia et al.,

2022):

e Sulfate Fragments, which include sulfuric acid and absorbed water

e Solid Fraction, which includes black carbon and ash

e Soluble Organic Fraction, which includes unburned gasoline and oil
Depending on the engine technology, engine load, and gasoline sulfur concentration, the
amount of each of these components varies dramatically. The mass of sulfates formed increases
as the sulfur content of the fuel increases, resulting in an increase in total PMz2s. To reduce

these contaminants, the planet follows two principles, which are (EI-Dorghamy et al., 2021):

e Filter-Forcing Vehicle Standard

e Fuel Policy Package
European fuel rules establish a maximum of 10 ppm sulfur diesel to comply with Euro 6/VI
vehicle emissions requirements. In the United States, where heavy-duty vehicle emission rules
from 2007 and 2010 and the newer Tier-3 passenger vehicle emission standards have led to the
introduction of diesel particulate filters, the overall diesel sulfur level is 15 ppm. Chile and

Canada are both in the same boat. All refining countries are obliged to strive for 10/ 15 ppm
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diesel production to achieve universal adoption of diesel particulate filters in the vehicle fleet

Reducing the sulfur content of refined fuels necessitated the installation of specialized refining
units since sulfur can be found in all crude oils as an impurtity. This does cost hundreds of
millions of dollars. Distillate hydrotreating is the most popular method for reducing sulfur in
diesel fuel. To reduce the sulfur content of diesel generated at a refinery, existing distillate
hydrotreating capacity must be replaced, expanded, or retrofitted, and hydrogen supply must
be increased. To reap the benefits of desulfurization, in some developing countries such as
Kenya, additional criteria which include age limits, emission limits, and effective compliance

and enforcement methods, have been adopted.

Fuel specifications and emission standards are different for different fuel types as well as differ
from country to country. The global maximum limits in on-road diesel sulfur vary from 10 ppm
in the most developed regions to 12,000 ppm in developing countries, whereas gasoline varies
widely from 10 ppm to 2500 ppm. However, over the last few years, there appears to be a

continuous good trend toward decreased sulfur content in diesel.
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Figure 2.14 Maximum Sulfur Limits in Gasoline in 2021 (Stratas Advisors, 2021)

(reproduced with permission from Stratas Advisors)
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Figure 2.15 Maximum Sulfur Limits in On-Road Diesel in 2021 (Stratas Advisors, 2021)

(reproduced with permission from Stratas Advisors)
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Global energy transition, and oil and gas consulting firms such as Stratas Advisors are
confident that many countries have embarked on a journey to position themselves and achieve
progress in achieving low SOx emissions shortly through governmental measures. Figure 2.14
and Figure 2.15 show the maximum sulfur limits in Gasoline and On-Road Diesel for 2021.
Although, governments and automakers continue to delay the implementation of low sulphur
fuel standards owing to COVID, poor market strategy, lapsed engine technology and many

other uncertainties at the local, regional and global level (Stratas Advisors, 2021).

Figure 2.16 and Figure 2.17 show the expected maximum sulfur limits in gasoline and on-road
diesel by the year 2025. Four key parameters are considered year after year to determine the
list of countries positioning themselves towards low sulfur content in fuel (Stratas Advisors,

2021):

e Maximum permissible limits in national guidelines and regulations

e Year of implementation for sulfur limits as required by legislation

e Restrictions imposed by local or regional requirements

e Market levels to measure countries that have the same legislated cap
In te order of significance, the first parameter is the priority criteria to map the countries. Along
with this and the other three parameters are used in ranking the countries implementing
emission controls. Although, rapid shifts in consumer behavior as a result of the pandemic, as
well as a stronger push by policymakers towards a low-carbon future, have resulted in a sharp

drop in oil demand expectations.
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Figure 2.16 Maximum Sulfur Limits in Gasoline in 2025 (Stratas Advisors, 2021)

(reproduced with permission from Stratas Advisors)
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Figure 2.17 Maximum Sulfur Limits in On-Road Diesel in 2025 (Stratas Advisors, 2021)

(reproduced with permission from Stratas Advisors)
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According to the IEA, the global total oil demand was 91.0 mb/d at the end of 2020, while
supply was 93.9 mb/d. This includes inland deliveries, foreign marine bunkers, refining fuel,
crude for direct burning, oil from non-conventional sources, and other sources of supply. Other
middle distillates and diesel are becoming more common as transportation fuels. Additionally,
there is also progress worldwide in the area of clean-fuel vehicles using biodiesel, hydrogen,
electricity, ethanol, Liquefied natural gas (LNG), LPG, and natural gas, etc., focusing on
cleaner energy technologies. To meet ambitious mid-century targets for net-zero emissions, a
far stronger shift toward a cleaner energy future would be needed. More clear government
policies and legislative action, as well as significant behavioral improvements, would be
needed (IEA, 2021). Figure 18 shows the global emission legislation by world region regulated
by different legislation packages. All regulations limit the maximum emissions in

milligram/kilogram (mg/km) for each vehicle sold (Continental Automotive, 2019) (Revo,

2021).
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Not just the road transport and coal consumption, the maritime industry also is affected by
sulfur emission control regulations. Currently, stricter limits on sulfur (SOx) emissions are
already in place with 0.10% in Sulfur Emission Control Areas (SECA), however, the
International Maritime Organisation (IMO) has set the sulfur limits in fuel oil from 3.50% to
0.50% by mass (0.50% m/m is 5000 ppm) global sulfur cap in January 2020 requiring the use
of Very-Low Sulfur Fuel Oil (VLSFO) or compliant fuel blends. Unless the ship is equipped
with an Exhaust Gas Cleaning System (EGCS) or scrubbers that enable the use of High-Sulfur

Fuel Oil (HSFO) as an alternative, the cap regulation applies. (DNV, 2021).

2.2.6 Africa’s stand towards Low Sulphur Fuels

The oil industry plays a strategic role in enabling the African economy, however, rapid
urbanization and motorization in Africa in increasing air pollution from vehicle emissions.
Africa s a large continent with 54 sovereign countries recognized by the United Nations. Some
countries such as Nigeria, Libya, and Algeria have significant crude oil reserves and others
such as Egypt, Nigeria, and South Africa, have several refineries. However, many of these
countries do not have updated refineries or are not operating at full capacity. The rest of Africa
have no oil reserves or refineries and is completely reliant on imports. There is growing
awareness of the necessity to reduce fuel sulphur levels in Africa and that it will be easier and

more efficient to do so under regional cooperation (Adeola et al., 2021).

Morocco was the first country to introduce the lowest limit of 10 ppm on the African continent
even though it is fully dependent on fuel imports as of now. South Africa is expected to supply

across the continent 10 ppm sulfur fuels as well by the end of 2023. Regulations relating to
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climate change are causing a move away from traditional fuels. To meet the new regulations,
several of South Africa's oil refineries will need to modernize their equipment. The plan in
West Africa to reduce sulfur in fuel imports and to upgrade refineries is an encouraging effort.
The harmonization of 50 ppm in Southern Africa will positively affect the landlocked countries
of the region and is heavily dependent on South Africa’s capability to implement its Clean
Fuels 2 Program (CF2) by 2025 which require South African gasoline and diesel to contain no

more than 10 ppm sulfur, among other provisions (Dane et al., 2019).

African Countries Producing Fuels and Those which are Fully Dependent on Imports
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Figure 2.19 Fuel Imports and Exports in Africa (Stratas Advisors, 2021) (reproduced

with permission from Stratas Advisors)
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For several countries worldwide, sulfur reduction in fuels within the next five years is expected
to be either 50 ppm or 10 ppm. Africa on the other hand has a different story to tell. The
continent is divided by a) oil producing countries with refineries, b) non-oil producing
countries with refineries, and ¢) non-oil producing countries without refineries that are fully
dependent on imports as shown in Figure 2.19 (Stratas Advisors, 2021). So to speak, no country
in Africa is self-sufficient in fuels. Out of the 54 recognized countries, 17 are landlocked and
are heavily reliant on coastal countries on fuel quality and regulations, therefore, cannot impose

their regulations (Sarpong and Bein, 2020).
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Regionally as well, Africa is divided as shown in Figure 2.20 with member countries of the
continent associating themselves with region based strategic and political endeavours. In East
African Community (EAC), the penetration of 10 ppm is occurring in the market by way of
imports through Kenya and the new standards for 10 ppm sulfur fuels are expected to be drafted
by 2022. The latest plan in the Economic Community of West African States (ECOWAS) is to
import 50 ppm sulfur fuels by January 2021 and stop its regional production of higher than 50
ppm by January 2025. Southern African Development Community (SADC) agreed to reduce
sulfur levels in fuels to 50 ppm or less by end of 2022 for importing countries and by 2025 for
countries with refineries. Furthermore, the plan is to eventually reduce to 10 ppm between 2025
and 2030 for all countries in the region (Stratas Advisors, 2021). However, the majority of the
issue in the continent continues to lie in upgrading the local refineries. For now, the move of
sulfur reduction in Africa would not be followed by the implementation of stricter vehicle
emission standards in many countries. Furthermore, old vehicles will continue to be imported
from Europe and Asia, as border control is not efficient in the majority of the countries in

Africa.

Major African economies like South Africa are still grappling with sluggish economic
development, high unemployment levels, poverty, and a fossil-fuel-based economy, despite
decades of democratic governance. The share of imports in the country’s fuel consumption will
likely increase, however, with the South African government’s announcement regarding a
major modernization of aging refineries in 2021 there seems to be a positive political sign
(Rempel and Gupta, 2021). As of now, turning to imports will nevertheless allow a smoother

transition to the supply of lower sulfur fuels in South Africa and its neighbors.
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2.3 Desulfurization of Crude Oil Products

As mentioned in the previous sections crude oil is a complex mixture primarily consisting of
hydrocarbons along with other minor constituents such as sulfur. The presence of elemental
sulfur, mercaptans (RSH), and sulfides including polysulfides (RSnR) in crude oil convert to
H2S called sulfidation leading to corrosion along with ammonium bi-sulfide (NHsHS) amongst
other corrosions in the oil refinery (Subramanian, 2021). The recovery of pure hydrocarbon
products from refineries is highly desirable as the presence of impurities results in undesirable

effects.

The removal of minor constituents especially sulfur involves in various processes such as
hydrogen treatment, MEROX process (mercaptan oxidation) and chemical treatment of the
refinery distillates at various stages. As a result, the final streams (effluent) from petroleum
plants contain a mixture of acidic and sulfur compounds that must be reduced to concentrations
low enough to decrease acidity, odour and other harmful effects resulting mainly from sulfur

impurities (Achaw and Danso-Boateng, 2021).

Elemental sulfur, Hydrogen sulfide (H2S), and pyrite are the inorganic forms present in
dissolved forms in minor quantities. Sulfides, thiols, and thiophenic compounds are the organic
forms that are present majorly in crude oil. Other sulfur compounds that are simple to eliminate
include cyclic sulfides (thiolanes) and aliphatic acyclic sulfides (thioethers); and aromatic
sulfur compounds like benzonapththothiphene that are difficult to remove using traditional
Hydrodesulfurization (HDS) or thermal techniques due to their complex structures (Rezvani

and Aghmasheh, 2021).

Refineries produce large volumes (up to 150 gallons per hour) of spent caustic streams

(effluent) because of using aqueous Sodium Hydroxide to treat crude oil and its distillates.
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These effluents have a variety of compounds such as phenols, carboxylates, naphthenates,
carbonates, sulfides, bisulfides, sulfates, thiosulfate, sulfonic acids and other sulfurous, organic
and inorganic compounds (Onojake and Waka, 2021). Discharge of these effluents to surface
waters or sewage treatment without proper processing is prohibited due to extreme toxicity and
alkalinity. Consequently, petroleum industries should aspire to not only produce clean fuels

but also effluents that are safe for disposal.

2.4 Desulfurization Techniques

Several techniques are available for the reduction or removal of sulfur compounds from crude
oil and its distillates. The classification of desulfurization techniques described by Babich and
Moulijn (2003) can be based on three factors such as: (i) conversion of organosulfur

compounds during desulfurization, (ii) role of hydrogen and (iii) the type of process used.

2.4.1 Conventional Desulfurization Techniques

Hydrodesulfurization (HDS) along with other carbon rejection technologies such as coking and
catalytic cracking (FCC) are traditionally used to remove sulfur and its derivatives from fuel
(Javadli and De Klerk, 2012). Among them, the widely used conventional catalytic method for
sulfur reduction is HDS which operates in presence of hydrogen and catalysts under severe

conditions (Srivastava, 2012).

2.4.1.1 Hydrodesulfurization (HDS)

HDS is the most common method which is extensively used for desulfurization of crude oil
and other refinery streams (Javadli and De Klerk, 2012). The process involves in the conversion

46



of organosulfur compounds to Hydrogen sulfide (H2S) in a fixed bed reactor with a suitable
catalyst, where an oil stream and hydrogen are co-fed under elevated temperature and pressure
(Babich and Moulijin, 2003). The resultant H2S removed from HDS can be converted to
elemental sulfur by Clause process (Song, 2002). Many catalysts are available for HDS process
but the standard catalysts being used are NiMo/Al203 and CoMo/Al203 with reactor conditions
ranging from temperature 200 to 425 °C and pressure from 1 to 18 megapascal (MPa). The
reactor design and its conditions such as temperature, pressure, and selection of catalyst depend
on the application, nature and concentration of the Sulfur compounds in the feed stream
(Babich and Moulijin, 2003). HDS process can efficiently remove aliphatic organosulfur
compounds from low boiling point oil fractions such as sulfides, disulfides, thiols and
mercaptans as they are highly reactive. Organosulfur compounds from high boiling point
fractions contain thiophene, benzothiophene and their alkyl derivatives along with other
polynuclear Sulfur species which are least reactive and cannot be removed by HDS (Babich

and Moulijin, 2003).
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Figure 2.21 Reactivity of various sulfur compounds in hydrodesulfurization versus their

ring sizes and positions of alky substitutions on the ring (Song, 2002)

Although HDS is widely used for desulfurization, the requirement of regular Hz supply besides
high temperature and pressure makes it economically undesirable (Lin et al., 2010). It may also
result in unwanted side reactions such as coke formation, decrease in the octane number and
catalytic deactivation due to severe operating conditions (Aitani et al., 2000). Furthermore,
deep desulfurization of feed streams to remove refractory (less reactive) sulfur compounds may

not be effective using HDS (Srivastava, 2012).
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2.4.2 Alternative/Non-conventional Desulfurization Techniques

Methods that do not require hydrogen for sulfur reduction are generally categorized under non-
conventional or non HDS based desulfurization techniques as most of them operate without
hydrogen (Babich and Moulijin, 2003). Though, traditional techniques are effective in
desulfurization, the methods involve in expensive processing and their carbon footprint is
substantial (Javadli and De Klerk, 2012). Therefore, alternative desulfurization techniques
based on oxidation, extraction, adsorption, biodesulfurization or their combinations have

gained much significance over traditional methods.

2.4.2.1 Oxidative Desulfurization

Oxidative desulfurization is a process in which a chemical reaction between organic sulfur
compound and an oxidant results in the oxidation of sulfur compound to sulfones which can be
easily separated from hydrocarbons liquid fuels due to their higher polarity (Javadli and De
Klerk, 2012; Srivastava, 2012). This method is advantageous over conventional HDS method
as it can be performed in the liquid phase under very mild operating conditions of near room
temperature and atmospheric pressure (Agarwal and Sharma, 2009). The refractory sulfur
species such as dibenzothiophenes (DBT) can also be easily oxidized under low temperature
and pressure which is not possible in HDS unless the severity of the conditions is increased
(Ron et al., 2004). Various oxidizing agents such as nitrogen oxides, nitric acid, hydrogen
peroxide, per acids, ozone, t-BuOOH, oxygen, air etc can be used (Agarwal and Sharma, 2009).
Generally, oxidation in combination with other separation methods such as solvent extraction,
adsorption, distillation or decomposition can be used in oxidative desulfurization in order to

separate or remove the oxidized sulfones from hydrocarbon fuel.
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(Ron et al., 2004); (b) Oxidation of DBT to corresponding Sulfone (Srivastava, 2012).

Desulfurization based on oxidation can achieve up to 85% of sulfur removal but the use of

many oxidants might result in oxygen incorporation into the treated oi

I, dehydrogenation,

condensation and polymerization. In oxidation reactions where Nitrogen Oxides (NO) are used

as oxidants, use of 1 to 20 v% of NO’s is recommended as higher concentrations of NO’s with

petroleum vapors within the reactor might form dangerous explosive mixtures (Aitani et al.,

2000). Additionally, the sulfone waste management at the end of the process and increase in

operation cost due to increased sulfur feed requiring higher oxidant consumption are the other

disadvantages of this process (Ito and Van Veen, 2006).
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2.4.2.2 Extractive Desulfurization

Extraction of sulfur compounds from refinery streams depends on the solubility difference of
sulfur compounds and the hydrocarbons in selected solvents. As organo sulfur compounds have
higher solubility than hydrocarbons, they are extracted into the solvent and the sulfur rich
solvent is separated from the hydrocarbon stream (Gawande and Kaware, 2014). Extractive
desulfurization is a liquid/liquid separation process with two liquids (feed stream and solvent)
being immiscible. Different solvents such as acetone, ethanol, polyethylene glycols, nitrogen
containing solvents and several ionic liquids have been tried with 50-90% of sulfur extraction

from the hydrocarbon strems (Babich and Moulijin, 2003).

According to Babich and Moulijin, (2003), the process flow consists of a mixing tank where
the feed stream is mixed with appropriate solvent for the sulfur compounds to be extracted into
the solvent. The mixture is then transferred into a separator to separate hydrocarbon stream
(which can be processed further) from the sulfur rich solvent. This solvent mixture is further
distilled to remove sulfur compounds from solvent. The solvent is recycled and sent to the
mixing tank. The process is attractive due to: low temperature and pressure requirements for
operating which avoid the chemical conversion of feedstock; not requiring Hz resulting in

energy saving and; the process being purely physical resulting in easy separation.

o1



desulfurized fuel oil

S-bearing
compounds
fuel
——>| mixing tank 4)| separator |—{ distillator
solvent recovered solvent

Figure 2.23 General process flow of extractive desulfurization (Babich and Moulijin,

2003).

The productivity of this method is limited by the solubility of the organosulfur compounds in
the solvent (Babich and Moulijin, 2003). The viscosity of the feed stream and solvent should
be low and different boiling point of solvent and sulfur compounds are preferred to enhance
mixing and extraction (Javadli and De Klerk, 2012). Sometimes, the separation of sulfur
compounds can be poor, and the recovered solvent might contain compounds extracted from
feed stream that are difficult to remove by distillation which can affect quality of both

hydrocarbon stream and solvent recovered.

2.4.2.3 Biodesulfurization

Biodesulfurization (BDS) is an alternate technology based on biological activity and processes
that could remove sulfur from oil. The process captures on microorganisms’ requirement of
sulfur as a growth factor and as important element for their physiological activities, which in a

possible approach in decreasing fuel acidity (Boniek et al. 2015). It is a complementary method
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used with HDSand highly advantageous for removal of sulfur in fossil fuel. This process allows
the removal of the sulfur atom at moderate temperatures and pressures. In addition, it may also

be considered more advantageous than the HDS, since it retains more energy (Gray et al. 2003).
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Figure 2.24 Biodesulfurization Process Operations (Boniek et al. 2015)

Biodesulfurization typically takes place in a continuous stirred tank reactor containing
biocatalyst slurry, high-sulfur petroleum feedstock, and oxygen as shown in the Figure 2.24.

The process then separates desulfurized petroleum from the aqueous biocatalyst output stream.

Aside from the obvious advantages of biodesulfurization, the industry has new legislation in
place for which businesses can spend literally tens, if not hundreds, of billions of dollars over
the next decade or longer to comply. As feedstock to refineries change, there must be an
accompanying change in refinery technology. This means a movement from conventional
means of refining heavy feedstock typically using coking technologies to more innovative

processes that will coax the last drips of liquid fuels from the feedstock.
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2.4.2.4 Adsorptive Desulfurization

Adsorptive desulfurization is a simple and economically feasible method based on the
adsorption of sulfur compounds onto the solid sorbent material (Agarwal and Sharma, 2009).
It can be classified into two: physical adsorptive desulfurization where sulfur compounds are
physically adsorbed without being chemically converted and reactive adsorptive
desulfurization where organic sulfur compounds chemically bound with adsorbent as sulfide.
Depending on the process and feedstock used, the adsorbent can be regenerated thermally or
by flushing with a desorbent, and the condensed sulfur can be removed as HzS, SOx, or

elemental sulfur (Javadli and De Klerk, 2012).

Several adsorbent materials based on carbon materials, metal oxides, metal sulfides, reduced
metals, zeolite based materials have been used to desulfurize different petroleum fractions

(Kim et al., 2006).
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Figure 2.25 Simplified adsorptive desulfurization flow process (Babich and Moulijin,

2003)

The efficiency of adsorbent material primarily depends on its adsorption capacity, selectivity
for sulfur species, durability and regenerability (Babich and Moulijin, 2003). Many adsorbents
that have been developed for adsorption have acceptable levels of desulfurization but are
inefficient to be used at industrial level (Javadli and De Klerk, 2012; Agarwal and Sharma,
2009). A detailed discussion on adsorptive desulfurization will be included in membrane

technology section of this chapter.

Although there are many physical and chemical separation techniques as well as the more
recent biological separation techniques available in the market and various published literature.
The biological technology known as Biodesulfurization (BDS) captures microorganisms’
requirement of sulfur as a growth factor and as an important element for their physiological

activities, which is a plausible approach in decreasing fuel acidity (Jatoi et al., 2021). Only a
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few of the desulfurization methods mentioned in this section are considered successful since
most of these are inefficient at the industrial level as of today but research on scalable processes
is still in progress. To a large extend conventional methods such as hydrodesulfurization have

been widely used commercially for sulfur removal.

2.5 Membrane technology

The world demand for fuel is rapidly growing due to rapid growth of automobile industry and
increased product demand. Higher yields of valuable products from petroleum industry
requires refining and methods that are expensive. This reliance has been a significant source of
concern as the exhaust gas from fuel combustion is becoming a threat to the environment. The
present situation of the world strongly prompts energy efficiency in all energy consuming
sectors for sustainable development to reduce emission and meet the product demand. The
world should comply with constant change and tightening of the fuel standards and regulations
to reduce vehicle pollution and greenhouse gas emissions (Seddon and Zhang, 2018). The
renewable energy has become a global trend with many countries focussing on solar, wind,
nuclear power and bio-fuel sources to replace fossil fuels. However, renewable sources could
take many generations to compete or replace the cheaper conventional fuels in order to cope

with growing energy demand (Nehlsen, 2006).

Membrane technology is a promising substitution over traditional separation processes with
waste minimization and zero discharge. Through the combination of energy supplies and
diverse technologies, as well as the recovery and recycling of useful materials from waste
streams, current industries are focusing on a clean and sustainable future (Singha et al., 2017;

Singha et al., 2013). They are crucial for various commercial applications in petrochemical,
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chemical, food, pharmaceutical, semiconductor, biotechnological, and environmental
industries as they play a significant role in minimizing the environmental impact and lowering
the operating costs owing to their efficiency, high stability and ease of operation, adaptability
to changes in process streams and simple control schemes (Vinh-Thang and Kaliaguine, 2013;

Zhao et al., 2004).

Membrane is a selective barrier that allows certain components to pass through it (permeate)
and retains non selective species (retentate or concentrate) in the liquid or gas mixture.
Currently, some industrially significant membrane separation processes are already
implemented at commercial scale while some others are at more or less advanced development

stage, and some to be desirably developed (Vinh-Thang and Kaliaguine, 2013).

2.5.1 Membrane technology for desulfurization process

Desulfurization of crude oil products is accomplished using a variety of physical and chemical
approaches, which are expensive and time-consuming processes. (Ito and Van Veen, 2006).
Membrane technology is one such approach that may be regarded efficient in the removal of
sulfur compounds from petrochemical industrial streams. . The development of membranes for
desulfurization is potentially energy saving, as the separation process takes place without phase
transition and compared to the conventional techniques, it can offer simple, low capital and

operating cost and is fully automated with no moving parts. (Fihri et al., 2016).

Sulfur removal has traditionally been accomplished using conventional technologies such as

hydrodesulfurization. However, the obtained products lose octane number, and the procedure
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is quite costly (Kong et al., 2007). Capital-operations costs, poor feed flexibility, a short process
cycle, technical complexity, and overall refiner value are among the other issues that need to
be addressed (Ito and Van Veen, 2006). The membrane desulfurization technology is a non
HDS method that has gained increased attention from researchers and refiners worldwide due
to its low cost, easy operation and environmental friendliness with no reduction in the cetane

number of fuels.

2.5.2 Benefits of using mixed matrix membrane for desulfurization techniques

Technical reports on membrane separation process of sulfur containing compounds are
confined mostly to patents/patent applications for companies like W.R.Grac, ExxonMobil and
Engineering Company and Marathon Oil Company (Lin etal., 2006). Effective implementation
of a membrane-based separation technique at both laboratory and industrial scale is determined
significantly on the appropriate chemical, mechanical, and permeation properties of
membranes. Latest developments of membrane materials have apparently reached a limit in
trade-off between selectivity and permeability (Vinh-Thang and Kaliaguine, 2013). Hence, the
research emphasis has been shifted towards the development of mixed matrix membranes
(MMM), with an effective approach to tune the structure and improve the performance of the
extensively used polymeric membranes with the addition of nanofillers/inorganic fillers (Li et

al., 2017; Low et al., 2018).

Pure membranes are very effective; nevertheless, there is a need for modification to enhance
the membrane activity by functionality as the membranes suffer from a major trade-off between
separation flux and enrichment factor in most situations, i.e. higher separation flux is followed

by lower enrichment factor and vice versa (Yang et al., 2013). Modification helps to manipulate
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the selectivity of a membrane by either enhancing or diminishing its selectivity depending on
what the membrane is meant to achieve. These can be achieved by either changing the pore
size, hydrophobicity/hydrophilicity, surface roughness, thickness or composition of the
membrane (Kiani et al., 2015). Modification of such factors are considered by comprehensively

taking into account the available relevant literature and reports.

Two main approaches such as membrane material selection and enhancement of membrane
efficiency by physical and chemical modification, like filling (Qi et al., 2007),
copolymerization (Sha et al., 2018), blending (Baheri et al., 2017), and crosslinking (Lin et al.,

2006) are existing in the membrane modification for desulfurization.

The discussion of the following physical and chemical factors are essential to strategize the
possible approaches in order to overcome the trade-off relationship and achieve substantial

desulfurization efficiency by membrane technology.

2.5.3 Process description and requirements for membrane desulfurization

Separation processes such as distillation, pervaporation and adsorption are energy-intensive
procedures that allow the separation by size exclusion or chemical affinity by physisorption
(Sholl and Lively 2016). Pervaporation and adsorption are the two main membrane
desulfurization processes. This section focuses on the description of recently developed mixed

matrix membranes for adsorptive and pervaporative desulfurization.

2.5.3.1 Pervaporation (PV)

Separation processes dealing with organic liquid mixtures play an important and indispensable
role in the fields of energy and the environment. Organic liquid separation, unlike gas
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separation methods, poses considerable problems and obstacles due to greater interactions
between various organic molecules (Yu et al., 2016). Even though, distillation is commonly
used, it suffers from many disadvantages associated with: higher energy usage; difficult to deal
with azeotropic and close azeotropic mixtures; uneconomic when the amount of a major
component is considerably higher or lower than that of other components in the mixture (Cai
et al., 2020). Pervaporation, a membrane separation method, is energy-efficient and
environmentally friendly separation technique that has tremendous potential to resolve certain
distillation drawbacks or even eliminate distillation in certain situations. It has adjustable
working conditions for the separation of close-boiling or azeotropic liquid mixtures (Yang et
al., 2014). Different methods of desulfurization were already developed to date, which were
introduced in previous sections. Pervaporation in deep desulfurization has been widely
investigated as a newly emerging unit operation for its simpler handling, less energy usage,
simpler scale-up, etc. (Yang et al., 2013). The membrane plays a significant role in a

pervaporation process and influences whether this process can be industrially useful.

Pervaporation can be used as a promising alternative technology to desulfurize liquid
hydrocarbon streams (Amaral et al., 2014; Cao et al., 2011). When compared with the
traditional naphtha hydrodesulfurization process, pervaporation makes it possible to extract
compounds of organic sulfur with a much lower loss of octane rating. In addition, it functions
with mild conditions with no requirement for hydrogen and catalysts involvement, contributing
to lower operating costs as a result (Lin et al., 2009). The effectiveness of pervaporation

desulfurization is correlated to membrane affinity with sulfur compounds (Amaral et al., 2014).

Generally, pervaporation membranes can be classified depending on the nature of the
membrane material into polymer-based membranes and inorganic material-based membranes.

Polymer-based membranes are more frequently used compared to inorganic material-based

60



membranes due to the inherent attributes such as simple processability, large-scale processing

and comparatively low cost (Vinh-Thang and Kaliaguine, 2013; Li et al., 2013).

Using various material types, including polydimethylsiloxane (PDMS) (Wang et al., 2018; Qi
et al., 2006; Cao et al., 2011), polyethylene glycol (PEG) (Lin et al., 2006; Gao et al., 2018),
polyimides (PI) (Yuen et al., 2007; Wang et al., 2006), and polyethersulfone (PES) (Li et al.,

2009; ) etc.,different membranes for deep desulfurization have been established to date.

Since the membrane-based S-Brane method was reported and developed by W.R. Grace&Co.,
CT, USA, in 2002, much of the research efforts have centred on incorporating PV technology
to fuel desulfurization (Lin et al., 2009). The published literature were mainly from Grace
Davison Group, ExxonMobil Research and Engineering Company, Marathon Oil Company,
Trans lonics Company and some universities. The technique used by S-Brane, is a well-known
pervaporation-based industry-scale procedure for selective removal of sulfur-containing
hydrocarbon molecules. It concentrates the sulfur in the stream of the permeate (~30% of the

total volume), which will then be processed in the HDS process (Cao et al., 2011).

2.5.3.2 Pervaporation process

Lin et al., (2009) conducted the pervaporation experiments on a membrane which was placed
in the pervaporation cell. Under ambient pressure, the sulfur rich feed blend was fed into the
upstream side and the vacuum on the downstream side was maintained at certain rate using a
vacuum pump. Permeate sample was captured in a cold trap of liquid nitrogen, weighed and
evaluated. The total flux of permeate J was measured by dividing the weight of permeate
accumulated in the cold trap by time and the membrane's surface area. The flux of permeation

(J, kg/(m? h)) has been described as:
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Where, Q (kg) is the total amount of the permeate collected during the experimental period (t,
h), and A (m?) was the effective membrane area. Furthermore, the flux was adjusted
according to the membrane thickness, which was determined based on the cast thickness and
the degree of swelling. The normalized flux was denoted as Jn (kg um/m? h), Jn = J x |, where

the thickness of the membrane in the swollen state was denoted by 1 (um).

Gas chromatography is used to assessthe feed and permeate compositions fitted with
a capillary column and flame ionization detector. The injector, detector and oven temperatures
were set at 200 °C, 250 °C and 80 °C, respectively. The membrane's separation selectivity was

given by the enrichment factor of Thiophene (B), defined as:

(2.b)

Where, o™ and o are denoted as the weight fractions of thiophene in the feed and permeate,

respectively (Cao et al., 2011).

2.5.3.3 Adsorption

Adsorbents have wide surface area that can effectively adsorb and hold liquid or gas molecules
on their surface. They have shown great promise in a wide range of applications, including
water and air purification, catalysis, and many others (Jiuhui, 2008; Choi et al., 2009). The
adsorption process is one of the separation methods that involves in the adhering of certain

materials to another material's surface through physical attraction (physisorption) or chemical
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bond formation (chemisorption) (Rouquerol et al., 2013). Adsorbents have wide surface area
that can effectively adsorb and hold liquid or gas molecules on their surface. They have shown
great promise in a wide range of applications, including water and air purification, catalysis,

and many others (Jiuhui, 2008; Choi et al., 2009).

Chemisorption involves in a single layer of adsorbate molecules being adsorbed, and recovery
of the adsorbent demands a greater amount of heat due to the chemical bond formation.
Physisorption, on the other hand, can entail the formation of multiple layers of adsorbed
molecules. Furthermore, since physisorption is not energetically enabled, thermodynamic
equilibrium is easily achieved, and the rate of increase is rapid (Rouquerol et al., 2013). As
elaborated in the Table 2.1, chemisorption is extremely complex compared to physical
adsorption, as chemisorption usually needs an activation energy, so achieving thermodynamic
equilibrium can be slow and higher temperatures will lead to improved adsorption (Karge and

Weitkamp, 2008).

Table 2.1 Difference between Physical and Chemical Adsorption (Karge and Weitkamp,

2008)

Physical Adsorption Chemical Adsorption

Low heat of adsorption (< 2 or 3times | High heat of adsorption ( > 2 or 3 times latent

latent heat of evaporation) heat of evaporation)

Monolayer or Multilayer Monolayer only
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No dissociation of adsorbed species May involve dissociation of adsorbed species
No electron transfer, although polarization | Electron transfer leading to bond formation
of sorbate may occur between sorbate and surface
Non-activated, rapid and reversible Activated, may be slow and irreversible
Non-Specific Highly Specific
Only significant at relatively low Possible over a wide range of temperatures
temperature

Adsorption is favoured approach among the most energy-efficient processes for deep
desulfurization as it has flexibility, selectivity, and involves minimal costs since the process is
applied under mild conditions (Yin et al., 2012; Wang et al., 2008). The adsorbent's properties,
such as preference for organosulfur compounds over hydrocarbons, retention capability,

endurance, and reactivation, all contribute to the process' effectiveness (Javadli & Klerk, 2012).

Molecular sieves (Sentorun-Shalaby et al., 2011), metal-based compounds (Ahmed and Jhung,
2016), zeolites (Barzamini et al, 2014), and carbon-based sorbents (Shi et al, 2015) have been
utilized as adsorbents for desulfurization. Since adsorption is a surface process, effective
adsorbent materials must have large surface areas and well-defined pore structures in order to

adsorb particular target molecules selectively. As a result, in-depth analysis is needed.

The characteristics of adsorbent materials must include, a high specific surface area to absorb

as much adsorbate as possible; a well-defined pore structure to selectively absorb the adsorbate

64



and improve adsorption; chemical, thermal, and mechanical stability to allow them to be

reproduced without losing their properties or efficacy.

2.5.4 Adsorption Kinetics and Adsorption Isotherms

2.5.4.1 Adsorption capacity

The interaction between different properties such as contact time, temperature, and adsorbent
quantity can be used to calculate the adsorption capacity by maintaining one of the parameters
constant. . The adsorption isotherm where temperature is kept constant, is given as a plot of
the adsorbed sulfur concentration at equilibrium, Ce, versus the adsorption capacity in
equilibrium, ge. The formulation of a mathematical model for an adsorption process is
influenced by the equilibrium behaviour of the process (Weber & Smith, 1987). Adsorption
equilibrium data is used to evaluate adsorption processes and, in particular, for the selection of
a suitable adsorbent, and the design of an appropriate adsorber in a proposed

adsorbate/adsorbent system.

The adsorption potential at any time and in equilibrium are given by the equations 2.1 and 2.2

(Jiwalak et al., 2010).

ge=(Co— C) VIW (2.1)

qe= (Co - Ce) viw (22)

Where ¢ represents the amount of sulfur compounds adsorbed per gram of adsorbent at any

time (gt) and at equilibrium (qge), Co represents the initial concentration (mg/l), Ct represents
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the concentration at time t (mg/l), V represents the volume of a solution (I), and W represents

the weight of the adsorbent used (g).

The following equation can be used to measure the sulfur removal efficiency, SR (%0):

SR = ((Co— Ct) / Co) x 100 (2.3)

2.5.4.2 Adsorption Kkinetics

The study of adsorption Kinetics aids in determining the time taken to reach equilibrium during
the adsorption process, as well as the regulating mechanisms of the adsorption process such as
mass transfer and rate of the chemical reaction (Mittal et al., 2006; Kumar and Kirthika, 2009).
The kinetics of sulfur adsorption can be analysed using pseudo-first-order and pseudo-second-
order equations. Based on the linear regression correlation coefficient, or R?, the best fit model

is chosen (Jiwalak et al., 2010).

The pseudo-first-order rate proposed by Lagergren (1989) is given below (Jiwalak et al., 2010).

dq:d:=Ki (qe— qt) (2.4)

Where ki is the pseudo-first-order adsorption rate constant (min-t).

The following equation is obtained by integrating this equation and applying the initial

conditionsof gt =0att=0and q = q: at t=t:

In (qe_ Qt) =1In qe— kit (25)
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A linear relationship of In (ge — gt) versus t (min) implies that this model is applicable to fit
the experimental data. The ki value can be calculated from the plots of In (gqe — qt) versus t

(Darwish, 2015).

Applying the boundary condition g (t=0)=0 as well as integrating gives the following equation.

(Lakshmi et al., 2009).

log (qe— qt) =log qe — ((k1/2.303) t) (2.6)

The following is the pseudo-second-order kinetic model (Lakshmi et al., 2009):

dqidt = kz (qe— qt)? (2.7

Where k; is the pseudo-second-order adsorption rate constant (g/mg.min).

The following equation is obtained by integrating the equation and applying the applying

boundary conditions (t =0 and gt = geto t =t and q¢= qt).

t/ qe= (11 kz2qe?) + (t/ qe) (2.8)

geand k2 values can be obtained from the slope and intercept of the plot of #/g:versus #/ge

2.5.4.3 Equilibrium of adsorption

Adsorption is the deposition of particles on an interfacial layer, which is usually described
using adsorption isotherms. At constant temperature, an adsorption isotherm is a mathematical
model that describes the relationship between the amount of a substance adsorbed and its
equilibrium concentration in the solution (Foo and Hameed, 2010). It depicts the distribution

of adsorption molecules between the liquid and solid phases during equilibrium. These
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isotherms are based on assumptions about the adsorbents' homogeneity/heterogeneity, the type
of coverage, and the potential interaction between the adsorbate species (Kumar and Kirthika,

2009). The Langmuir and Freundlich models are the two most commonly used models.

Adsorption occurs at specific homogeneous locations on the surface, according to Langmuir
Isotherm model (Jiwalak et al., 2010). Furthermore, it is assumed that once an adsorbate has
occupied a site, no further adsorption can occur at that location. This isotherm's theoretical

equation is shown below (Hameed et al., 2008).

ge= QuKCe | (1+KCe) (2.9)

Where Qm is the maximum amount of adsorbate per unit weight adsorbent needed to form
complete monolayer coverage on the surface bound, and K is a Langmuir constant related to

binding site affinity (I/mg).

As shown below, the above equation can be rearranged into a linear form:

Ce/CIe: (1/QmK) + ((1/Qm) X Ce) (210)

1/ge= (1/Qm) + (1/QnKCe) (2.11)

The Langmuir constants Qm and K; can be determined from the intercepts and slopes of a plot
of (1/qe) versus (1/Ce). The separation factor can be determined using the following equation
to analyse the progression of the adsorption dimensionless constant. (Weber & Chakravorti,

1974).

r=1/(1+KCo) (2.12)
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The form of an isotherm is determined by the value of r. The fact that the r-value decreases as
the temperature rises suggests that the adsorption process is more favorable at higher
temperatures (Mittal et al., 2006). At constant temperature, equilibrium adsorption isotherms
illustrate the correlations between the adsorbate's equilibrium concentration in the solid and
liquid phases. Single component adsorption isotherms are usually interpreted by the
curves/shapes such as linear, favorable, very favorable, irreversible, and unfavorable (Barros et

al., 2013). The r-values and relative isotherm types are shown in the Table 2.2.

Table 2.2 r-values and their relative isotherm type

Values of r Type of isotherm
0<r<1 Favourable
r=0 Irreversible
r=1 Linear
r>0 Unfavourable

The adsorption equilibrium on heterogeneous surfaces is defined by Freundlich Isotherm. It is
based on the premise that adsorption occurs at various locations with a variety of adsorption

energies (Kumar and Kirthika, 2009). It does not assume a monolayer capacity, unlike the
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Langmuir Isotherm (Jiwalak et al., 2010). This isotherm's theoretical equation is shown below

(Hameed et al., 2008).

qe = KfCelln (2.13)

Where Kr represents adsorption potential (mg/g) and 1/n represents adsorption strength (I/mg).

This equation is written in linear form as:

log qe=log Kr + (1/n) logCe (2.14)

The slopes and intercepts of a plot of log ge versus log Ce can be used to calculate the
Freundlich constants Arand 1/n. The n-value indicates the adsorption process's favourability,
with n > 1 implying that the adsorption process is favourable under the specified conditions

(Chiou and Li, 2002).

2.5.4.4 Activation energy

The empirical Van 't Hoff and Arrhenius equation, as shown below, can be used to measure the

process' activation energy (Jiwalak et al., 2010).

k = Ae Eo/RT (2.15)

Where A is the pre-exponential component, Ea is the activation energy (KJ/mol), R is the gas
constant (8.314 J/mol.K), Kk is either the pseudo-first-order rate constant or the second-order

rate constant depending on R? value, and T is the temperature in Kelvins.

This equation is written in logarithmic form as follows:
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Ink=1InA— (Ed/RT) (2.16)

The activation energy is calculated using an Arrhenius plot of In k versus 1/T. Whether the
process is physical adsorption or chemical adsorption is determined by the magnitude of this
activation energy. The activation energy for physical adsorption processes is normally between
5 and 40 KJ/mol (Nollet et al., 2003). This is due to poor intermolecular forces and, as a result,
a low energy requirement for bond breaking. Due to the much stronger bonds involved in
chemical adsorption processes, the activation energy usually varies from 40 to 800 KJ/mol

(Nollet et al., 2003; Jiwalak et al., 2010).

2.5.4.5 Thermodynamic parameters

The Gibbs free energy (AG°), enthalpy (AH®) and entropy (AS°) are the thermodynamic

parameters studied in this review. The following equations were used to calculate them.

Kc = Caas, | Ce (2.17)
AG°=-RT In K. (2.18)
In K¢ = (AS°/ R) — (AH°/RT) (2.19)
AG° = AH° — TAS® (2.20)

Where K. represents the equilibrium constant, Cagse represents the sulfur concentration
adsorbed at equilibrium (mg/l), Ce represents the sulfur concentration remaining in diesel at
equilibrium (mg/l), R represents the gas constant (8.314 J/mol.K), and T represents the
temperature in Kelvin. (Jiwalak et al., 2010). From the experimental results, the equilibrium

constant, Kc, was determined. The Equation for AG° was used to measure the Gibbs free
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energy. A Van 't Hoff plot of In K¢ versus 1/T was generated, and the entropy and enthalpy

were calculated using the intercept and slope of the chart.

2.5.5 Properties of Membranes

The performance of the membranes is greatly influenced by their chemical and mechanical
properties. The following sections will discuss various properties and conditions used in the
recent developments of membrane desulfurization. Since, the current study focuses on
developing MMM using adsorptive material for sulfur removal, this section will focus on
discussing membrane modifications using different fillers to improve the efficiency of the

membrane.

2.5.5.1 Morphology

The distribution of filler particles into three-dimensional network structures of MMMs
adsorbents is a critical consideration for achieving excellent separation properties. The
membrane adsorption mechanism demonstrates that morphology has a major impact on the
transport properties of small molecules in MMMs adsorbents. The images from the field-
emission scanning electron microscope (FESEM) in Figure 2.26 show that raw polyimide (PI)
membranes, as well as zeolites/PI MMMs, have numerous finger-like and sponge-like pores,
suggesting a good mechanism to ensure contact between the integrated zeolites and liquid fuel

flowing through them. (Lin et al., 2012).

The zeolites particles are dispersed and embedded in the polymer matrix, and as the loading
quantity of zeolites is increased, the particles appear to be reagglomerated. The variations by
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increasing the zeolite content to 50% in the zeolites/PI MMMs images, are clearly visible
indicating that the finger-like pores become less and much more irregular. Part of the molecular
interface and network between the polymer and particles are disrupted at 50% of zeolite
loading, with defects emerged, indicating poor mechanical strength and practical applicability.
Itis inferred from FESEM photos that MMMs have favorable conditions for MMMs adsorbents

with 40% zeolite material (Lin et al., 2012).

40 Wt.%

Figure 2.26 FESEM images of cross-sections of raw PI and zeolites/PI MMMs

adsorbents: (1) 0 wt.%, (2) 18 wt.%, (3) 40 wt.%, and (4) 50 wt.% (Lin et al., 2012)

2.5.5.2 Interfacial compatibility

The polymer matrix plays a prominent part in permeability, and the inorganic filler has a control
factor for the selectivity of the separation process. Consequently, interfacial compatibility
between the two phases has a substantial influence on the efficiency of separation for such

membranes (Maghami and Abdelrasoul, 2018).
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Figure 2.27 Image of various structures at the polymer/filler interface region (Moore

and Koros, 2005)

2.5.5.3 Interfacial voids

The inclusion of fillers has a substantial impact on the overall efficiency of the produced
MMMs. Two significant factors, namely, the interaction between the polymer process and the
filler, and the stress induced during preparation, are responsible for the formation of interfacial
voids (Aroon et al., 2010; Yong et al., 2001). Additional channels that enable the solvent to
flow through the membrane are produced by the formation of interfacial voids (Alpatova et al.,
2015). However, the mechanical strength and rejection rate are also impacted by the density of

the channel (Chung et al., 2007).

Dense membranes consist of two types of cavities: the network cavity, which refers to the
interstitial cavities in the cross-linked site; the other is the aggregate cavity, which refers to the

cavities within the network clusters and at the polymer-filler interfaces in hybrid membranes
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(Yang et al., 2015). The feature of aggregate cavities shows the effect of the fillers on the
membrane interface structure. It is well known that the selectivity of hybrid membranes reduces
if the polymer-filler interface is greater than the network clusters, otherwise the permeability

will decrease (Liu et al., 2014).

It is commonly considered that incorporating impermeable fillers to a polymer matrix
contributes to the decline in the molecule transport, thereby improving the barrier property of
the membrane. Nevertheless, it is observed that the some fillers can serve as the nanospacer
stopping polymer chains from compact packaging (Merkel et al., 2002). Although, if fillers are
only bound by the weak force vander Waals, they are likely to break off (Yu et al., 2016).

Stronger interaction at the interface is thus helpful to overcome this issue.

Yu et al., (2016), developed adhesion based filler materials by adhesing nanoparticles with
graphene nanosheets (GNS) using dopamine, since dopamine is an adhesive with a wide variety
of applications and can bind well to both nanoparticles and GNS. In this study, polydopamine
(PDA) coated GNS was used to load Ag nanoparticles (AgNP), then fabricated into poly- ether-

block-amide (Pebax) polymer matrix.

The PDA/GNS and Ag-PDA/GNS composites were interfering with the stacking of the
polyamide (PA) segments of Pebax polymer, consequently destructing the PA segments
thereby enhancing the membrane permeability. The increase in the filler content reduced the
radius and intensity of free volume cavity signifying the stronger interaction between Pebax
chain and composite interface owing to the adhesive effect of PDA. Dopamine coating and
AgNP loading may inhibit agglomeration of GNS, whilst GNS may avoid agglomeration of
AgNPs. AgNPs can serve a facilitated transport role towards thiophene in model gasoline and

improve the efficiency of membrane separation. Besides that, the membrane showed increased
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resistance to swelling due to the multiple interactions between the Pebax matrix and the Ag-

PDA/GNS at the interface.

Usually, poor interfacial interaction produces non-selective voids at the interface and then
results in the lack of selectivity. Several experiments were carried out to improve the interfacial
interaction between the polymer and metal organic framework (MOF) by functionalizing the
polymer matrix and/or MOF fillers (Li et al., 2016; Venna et al., 2015). In spite of these
elaborate works, it is still important to choose MOFs that have stronger interfacial interaction
with polymer matrix, such as hydrogen bonds, to eliminate non-selective interfacial voids and

simplify the process of preparation (Yu et al., 2018).

2.5.5.4 Crosslinking

By crosslinking the polymer backbone, rigidity is enhanced thereby improving the swelling
resistance, but with reduced diffusivity and permeation flux (Stafie et al., 2005). The
copolymer, which connects various monomeric units together, is beneficial in integrating both
the swelling resistance of rigid chains and the high permeability of flexible polymer
(Rychlewska et al., 2017). Pebax, a widely used copolymers has the rigid PA segments
acting as a "bone" that contributes to mechanical strength and swelling resistance, whereas the
flexible polyether segments function like a "mussel™ that contributes to increased permeability

(Yuetal., 2018).
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2.5.5.5 Thermal stability

The study of MMM with zeolite particles proved that thermal decomposition temperatures for
MMM s adsorbents (with the exception of 50 wt. percent zeolite content membranes) are greater
than those of the raw polyimide (PI) membrane due to the addition of the zeolite fillers. The
interaction of organic PI substrate with inorganic zeolites limits the thermal movement of the
polymer and increases the energy required for the movement and segmentation of the polymer

chains, thus improving the thermal stability of the membranes.

MMMs adsorbents with 50 wt. percent of zeolite content, nevertheless, have lower
decomposition temperatures than raw Pl and other MMM adsorbents (Lin et al., 2012). This
was attributed to higer concentration of inorganic particles in polymer that appear to

agglomerate, which cannot promise successful interfacial inorganic/organic binding.

In another study of MMM thermal stability, it was shown that compared to pristine PDMS
membrane, the weight loss rate of PDMS—GNS hybrid membranes is slower no more than 0.2
% ;although it becomes faster when the GNS content is 0.5 %, which could be caused by the

agglomeration of GNS (Yang et al., 2015).

2.5.5.6 Mechanical properties of MMMs adsorbents

Linetal., (2012), studied the influence of the embedded zeolite material on the tensile strength
of the MMMs adsorbents. It was noticed that both the tensile strength and the modulus of the
MMMs adsorbents first improved and then reduced with the increasing content of the
embedded particles. The inclusion of inorganic particles clearly increased the mechanical

strength of the MMMSs adsorbents within a certain range. The efficiency of the MMMs
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adsorbents, however, dropped dramatically when the embedded particle content is 50 %. The
polymer will be the main structure component of the hybrid membrane if the embedded particle
content is at a lower level. And the zeolite particles can be integrated into the polymer
membrane matrix quite well, ensuring the inorganic/organic phase's thorough interfacial
behaviour. When the content of the embedded particles is increased beyond a certain
concentration, the interfacial defects formed between inorganic particles had a significant
detrimental effect on the tensile strength of the prepared MMMs.
In particular, 40 wt. % of MMM adsorbents displayed enhanced morphology, thermal and me

-chanical properties (Lin et al,2012).

2.5.5.7 Filler content

The filler content is crucial for the interactions between the polymer and the fillers to resolve
the issues arising from the mechanical and thermal instability of the membranes. Beigbeder et
al., (2008), studied the membrane properties of PDMS based membranes embedded with
carbon nanotubes (CNT). It wa observed that the aggregate cavity of PDMS-CNT membranes
is almost unaffected, suggesting that the CH-= interactions between the methyl groups of
PDMS and the n-electron-rich surface of CNT resulting in a desirable interfacial composition.
Although, when the filler content exceeds 0.5wt percent, the aggregate cavity intensity

decreases after the agglomeration of filler particles reduces interfacial region (Cao et al, 2014).

The dependency of the thermal stability of MMM on the filler content was already known. The
rate of flux too is affected by the filler content where, 0.2 weight percent of GNS in PDMS

showed superior permeation flux when the content was varied from 0 to 0.5 weight percent. It
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was believed that due the high aspect ratio of GNS, a larger polymer-filler interfacial area is

enhanced by introducing GNS into the PDMS matrix (Yang et al., 2015)

The porous nature of zeolite (fillers) has a huge effect on permeable molecule transport. In the
membranes, the available free volume among polymeric chains, interface voids between
polymeric chains and inorganic filler, and macro and mesopores in zeolite offer greater
diffusion for small molecules than unfilled membranes. The larger the polymer matrix, the
more permeation is reached subsequently. With increasing zeolite content, the sulfur
enrichment factor first increased, then decreased. Under low zeolite content (9 weight percent),
the change in sulfur enrichment factor was not significant. The sulfur enrichment factor and
flux are both higher at 9 weight percent of CuY content (Lin et al, 2010). The steady increase
in filler content, on the other hand, resulted in a major reduction in the sulfur enrichment factor.
The outcomes ought to be due to two contributory factors. The size screening effect and the
complexation force between CuY and thiophenes, for instance, will facilitate thiophene
sorption in membranes and enhance the sulfur enrichment factor. On the other hand, there is a

trade-off between flux and selectivity during the PV process (Kariduraganavar et al, 2004).

2.5.6 Chemistry of the sulfur removal process using Membranes/Mixed matrix

membrane

2.5.6.1 Facilitated Transport Carriers

Facilitated transport membranes are studied by researchers, inspired by protein mediated
facilitated diffusion in cytomembranes in order to bind/release certain molecules across
membranes. In most cases, transition metal ions cannot be directly combined with the polymer

matrix because, owing to their limited size and poor contact with polymer chains, leakage of
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metal ions is extreme (Yang et al., 2014). The recommended method for the preparation of
facilitated transport membranes is to immobilize transition metal ions on engineered carriers

and then combine them with polymers.

Generally, the facilitated transportation within membranes is attained through the effective
hopping of small molecules from one carrier to another. Pan et al., (2018) analysed the
performance of molybdenum disulfide (MoSz) incorporated PEBAX membranes on removal
of thiophene from n-octane-thiophene mixture. The basal plane of MoS2 nanosheets can serve
as a facilitated transport carrier for thiophene molecules as their interaction (binding energy of
thiophene on the MoS2 nanosheet basal plane is 0.42 eV) remains within the scope of reversible
chemical complexing (Salmeron et al., 1982; King, 1987). Thiophene hops continuously from
one carrier to another as MoSz provides large and clean surface which also enhances transport

rate thereby leading to higher diffusion selectivity by hybrid membrane.

Thiophene  N-octane Pebax

Figure 2.28 Facilitated transport of Thiophnic compounds through Pebax MMM (Pan

etal., 2018)
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2.5.6.2 m type complex

A set of transition-metal ion-exchanged Y zeolites (with Cu, Ni, Pd, and Ag ions) for sulfur
removal were reported by Takahashi et al., (2002) and Velu et al., (2003). For the separation
of thiophenes from model oil, Qi et al., (2007) prepared PDMS-AgY zeolite mixed matrix
membranes. The trade-off effect of filling on the selectivity and flux was discussed. Li et al.,
(2008), developed PDMS—Ni?*Y zeolite hybrid membranes for thiophene removal from model
gasoline systems through pervaporation. The distinct adsorption performance of MMM
adsorbents with different functional zeolites was significantly correlated with the binding force
between the functional particles and the sulfur compounds. For NaY, desulfurization depends
on physical adsorption of zeolite pore channels that bind through weak Van der Waals force to
sulfur (Lin etal., 2012). This poor binding yields low selectivity of adsorption for sulfur, hence
low desulfurization performance. Besides that, the adsorption process is different for ion-

exchange modified AgY and CeY zeolites.

Several research studies have shown that transition metal ions of inorganic materials (e.g., Ag,
Cu, Ni, Ce and Pd) can interact through m-complexation with non-benzene aromatic
compounds such as thiophene to facilitate the separation performance of hybrid membranes
(Yang et al., 2014; Cao et al., 2011). In fact, sulfur atom in thiophene has two lone pairs of
electrons: one pair situated in the plane of the ring that can be donated (n type donor) to form
direct S-M ‘c” with the adsorbent (Ce™) or the other pair on the six-electron x system of the
aromatic ring which can form a (z type) complex with the metal ions. The former sigma type
can be seen in Ce™ and later pi type complexes in Ag* ions. However, the bonding strength of
sigma is greater than that of the pi complex. This also indicates that desorption in pi is easier
than that of sigma which implies that pi type complexes are easier, energy saving when

compared to sigma.
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It can be inferred that graphene is a possible material for effectively controlling the polymer
matrix framework. Besides the mentioned materials in this section, the sulfur-containing
heterocyclic aromatic compounds (such as thiophene and dibenzothiophene) in gasoline can
effectively be adsorbed onto graphene by n-w interactions due to the abundant free n-bonds of

sp? atoms in graphene (Yang et al., 2015).

The facilitated transport feature of AgNP can influence the membrane through chain
rigidification, and could further improve the selectivity of the Pebax-Ag-PDA/GNS (6 weight
percent) membrane (Yu et al., 2016). Ag® and Ag* can synergistically promote the transport of
thiophene in the gasoline model. Ag® is a Lewisacid, whereas thiophene is a Lewisbase, which
according to the principle of hard and soft acids and bases (HSAB) (Li et al., 2015), can have
affinity towards each other; while the interaction of n-n stacking occurs between Ag® and

thiophene, as indicated by the Dewar-Chatt model (Safarik and Eldridge, 1998).

The n-complexation was once proposed between thiophene molecules and silver ions as the
theory indicates that lone electron pairs would be donated by sulfur in thiophene, and silver
ions have empty d orbit as receptors (Takahashi et al., 2002). The role carried by metallic ions,
such as AgS, CuzS, or PhzS, is seldom seen for metallic ions incorporated into MMM.
Consequently, an increase in permeation flux and selectivity may be likely to be due to the

facilitated mass transfer of silver ions (Yang et al., 2014).

2.5.7 Choice of embedded and polymeric materials

2.5.7.1 Porous materials

A proper configuration of the pore channel will reduce the resistance to mass transfer. The
selectivity will be further increased through molecular sieving if the pore size lies between the
penetrants. In addition, to prevent the formation of interfacial defects, carriers must be well
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compatible with polymers (Li et al., 2015; Yu et al., 2016). It has been shown that a good
way to increase membrane performance is to add suitable fillers. MMMs have therefore been
developed by doping various inorganic particles in the development of novel hybrid
membranes for sulfur removal (Zhang et al., 2020). Zhang et al, (2020), used Santa Barbara
Amorphous 15 (SBA-15) with a hierarchical porous structure as multi-functional additives.
The SBA-15 has dual-pore architecture with hexagonally organized mesopores and micropores
(Vattipalli et al., 2016). The cylindrical mesopores have molecular transport expressways to
decrease the resistance to mass transfer and ensure enhanced permeability, while the molecular
sieving effects of micropores on the wall are vital for increasing permselectivity of Thiophene.
Additionally, SBA
15's high density silanol groups (SiOH) have strong polymer adherence for longterm membra

ne stability (Tseng et al., 2013).

With high hydrophobicity, ZIF-8 porous fillers can have an effective pore structure to
selectively recover organic compounds, benefiting from its flexible pore structure. Embedding
ZIF-8 into PDMS induced a layer capable of introducing passable diffusion channels that

eliminated the physical incorporation barrier of porous materials (Li et al., 2020).

2.6 Boron Nitride

Hexagonal BN (h-BN), also known as white graphene, is a two-dimension (2D) material,
structurally similar to graphene as it has the same honeycomb structure, but varies in chemical
and electronic properties of graphene (Liu et al., 2019). Contrary to graphene, h-BN shows
ionic feature and strong interaction due to the different electronegativities between N and B
(Ouyang and Long, 2021). It resists oxidation to higher temperatures than graphite. Thus, it is
a multipurpose ceramic material with excellent properties that attracts a wide area of industrial

applications. As a result of its unique properties such as reducing thermal expansions and
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friction coefficients, increasing thermal conductivity, its utilization in composite materials has
increased tremendously in the last few decades (Haubner et al., 2002; Kempfer, 1990). As
compared to graphite, h-BN has a larger band gap showing exceptional properties, such as
electrical insulation, high oxidation resistance and outstanding chemical stability (Singhal et
al., 2008; Zheng et al., 2018). The polarity of the B—N bond, in specific, has been proven to

effectively facilitate adsorption ability (Lei et al., 2013).

2.6.1 BN Synthesis

BN is a chemical compound formed from an equivalent number of atoms of boron (B) and
nitrogen (N). By using the reaction between molten H3BO3s and potassium cyanide (KCN)
Balmain, (1842), first illustrated BN synthesis. Since then, the preparation of numerous BN
nanostructures, including boron nitride nanotubes (BNNTSs) (Wu and Yin, 2011), boron nitride
nanosheets (BNNSs) (Cai et al., 2016), boron nitride nanofibers (BNNFs) (Qiu et al., 2009),
three dimensional boron nitride nanoflowers (Lian et al., 2011) etc., have been extensively

investigated.

It's worth mentioning that the essential properties of BN, such as diameter, defects,
morphology, surface area, and edge structures, can all be significantly affected by the synthetic
routes used (Zheng et al., 2018). As a result, selecting an appropriate synthetic method for

designing highly productive BN materials for any specification is critical.

To date, different conventional methodologies have been developed for the production of h-
BN, which include chemical vapor deposition (CVD), solvo-thermal process, and solid-state
reaction (Lei et al., 2013; Lian et al., 2013; Tang et al., 2008). In the high-temperature reaction

furnace, the CVD is commonly used to produce h-BN (Lei et al., 2013). The solvo-thermal
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synthesis will speed up the reaction by heating the sealed reactor to provide a high-pressure
reaction atmosphere (Lian et al., 2013). In most cases, h-BN is made using the solid-state
reaction process in presence of N2 atmosphere. Continuous N2 supply will assure that the
reaction remains in the planned course and also acts as a protecting gas in the synthesis process.
The solid-state reaction is a challenging process because of the high reaction temperatures

(higher than 900 °C) and low heating rates (Tang et al., 2008).

However, the frequently utilized method for BN synthesis is the controlled chemical synthesis
that was mostly used for desulfurization. It should be noted that the variables such as reactant
ratios, temperature, and solvent may have a considerable effect on the properties and

desulfurization of BN (Rajendran et al., 2020).

For BN synthesis, various experimental procedures using a combination of reactants containing
boron and nitrogen precursors have been studied in the literature (Singhal et al., 2008). Each
process is unique due to the various parameters that influence the reaction rate, time, distance,

form, number of layers, and h-BN yield (Li et al., 2011)

In this process, low-cost B and N-containing precursors such as boric acid, boron oxide, urea,
and melamine are widely used (Marchesini et al., 2019). This process is capable of developing
extremely porous structures of h-BNNS because gaseous products such as CO2, CO, and NHs
are produced during the thermal treatment (Wu et al., 2016). Furthermore, the materials

produced by this process are mostly fine powders, which are ideal for a variety of applications.
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2.6.2 BN in desulfurization

Graphene-like BN or h-BN has excellent chemical, thermal and mechanical stabilities, due to
which it has recently been proposed as one of the prominent topics of material science (Lee et
al., 2010; Song et al., 2013). The adsorption efficiency of BN has garnered a lot of attention
recently. As a novel adsorbent for promising applications like hydrogen storage (Lian et al.,
2012) and water treatment (Lei et al., 2013), the use of BN with high specific surface area and
additional active reaction sites allow them to demonstrate outstanding efficiency for adsorption
of metal ions and organic pollutants (Yan et al., 2017). Besides that, BN can be synthesized

through a low-cost and environmentally friendly process (Abdikheibari et al., 2018).

The traditional adsorbents often used in adsorptive desulfurization, include zeolites (Yang et
al., 2003), mesoporous silica (Gu et al., 2014), supported metals (Wang et al., 2009) and
activated carbon (Xiao et al., 2012; Ania and Bandosz, 2005). Although, several other new
desulfurization adsorbents have been investigated in recent years, they have several
shortcomings such as low stability or inadequate adsorption capacity or environmental
harmfulness (Xiong et al., 2018) and expensive synthesis and reaction process (Yan et al.,
2017). Thus, the production of an efficient and cost effective adsorbent for adsorptive

desulfurization is extremely desirable.

To separate refractive sulfur compounds like dibenzothiophene (DBT) from liquid fuels, BN
and its composites have lately been utilized as adsorbents for adsorptive desulfurization and as
catalysts for oxidative desulfurization. Studies have shown that a variety of mechanisms for
controlling the local atomic and electronic structure of h-BN, could improve the effectiveness

for sulfur separation.
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The use of BN material as an adsorbent and fillers in the polymer matrix in the current work
was inspired by recent developments in desulfurization utilizing BN as an adsorbent.
It has a host of outstanding features, including mechanical strength, thermal stability and non-
toxicity that can be advantageous in a wide range of membrane applications, from pressure
driven filtration to temperature driven operation, where membrane mechanical strength as well
as chemical and thermal stability are crucial for the long life of the membrane (Golberg et al.,
2010; Wang et al., 2013; Camacho et al., 2013). Moreover, the polar B-N bonds are useful for
selective desulfurization which is an additional benefit for desulfurization adsorbent from fuels

(Yanetal., 2017).

According to earlier studies, the principle of hard and soft acids and bases (HSAB) plays an
incredibly significant role in the adsorption process (Xiao et al., 2008; Li et al., 2016). Soft
acid is prone to react with soft base, which is very well known, and hard acid is likely to
interfere with hard base. BN will exhibit certain Lewis acidity as it is electron-deficient
and have a certain electron-attracting capacity due to the presence of virtual orbitals in boron
atoms. Experimental findings indicate that commonly discussed aromatic sulfur compound

DBT is classified as a soft base (Li et al., 2016).

2.6.3 BN Structure

h-BN is a group 11l (B)-V(N) compound composed of layers of alternating sp>-hybridised
boron and nitrogen atoms in a honeycomb lattice (Shen et al., 2019). h-BN nanosheets (h-
BNNS) are also known as "white graphene” because they are isostructural to graphene. The
atomic layers are stacked on top of each other by van der Waals forces, with alternate boron
and nitrogen atoms bonded together by strong covalent bonds within the atomic layers ( Pakdel

etal., 2014).
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2.6.4 BN Allotropes

BN usually occurs in its most stable crystallographic form, i.e. hexagonal boron nitride (h-BN)
under standard conditions (Kubota et al., 2007). Contrasting to majority of carbon allotropes,
BN should be synthesized from B and N precursors. There are six boron nitride crystalline
allotropic phases, namely, hexagonal (h-BN, as graphite), cubic (c-BN or zinc blend form, as
diamond) is known for its excellent hardness, wurtzite (w-BN, as hexagonal diamond),
rhombohedral (r-BN), fullerene-like BN, single and multi-walled nanotubes. In particular, most
of them are isoelectronic and structurally identical to their carbon equivalents (Tian et al., 2013;

Arenal and Lopez-Bezanilla, 2009).

The structure of both c-BN and w-BN is made up of of sp®-hybridized B and N atoms, but the
difference in both is that w-BN has BNs or NBs tetrahedrons positioned at a different angle
(Soma et al., 1974). h-BN has a layered configuration similar to graphite. The 2 dimensional
(2D) layer has alternating B and N atoms joined by strong covalent bonds, while the 2D layers
are bound together by weak van der Waals forces. The interlayer spacing between h-BN layers
is found to be 3.30~3.34 A whereas graphite displays a spacing of 3.33~3.35 A (Hassan et al.,

2020).

Although h-BN has structural similarity to that of graphene, the electron distribution in both is
differed. Unlike C-C bonds of graphite layers, where the electrons are similarly contributed
and uniformly dispersed, the electron pairs in sp?-hybridized B-N bonds are more restricted to
the N atoms owing to their higher electronegativity. Moreover, the lone pair of electrons in the

N pzorbital is only partly delocalized with the B p; orbital (Weng et al., 2016).
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2.6.5 h-BN functionalization

Chemical functionalization of h-BN is a concern because of its high chemical stability. Water-
assisted exfoliated h-BN flakes have been identified to contain a limited number of functional
oxygen groups (Lin etal., 2011). However, studies indicate that the degree of functionalization
is marginal, so that effective cross-linking of individual sheets using external cross-linking
agents is nearly impossible (Sudeep et al., 2015). Other non-covalent functionalization
methods of h-BN nanostructures were also explored (Zhi et al., 2005; Wang et al., 2008). The

resulting linkages are due to pi-pi interactions as well as boron-nitrogen interactions.

A significant number of recently developed published methods of desulfurization using less
explored BN material in sulfur removal research are available in scientific journals. Although
being new in the sulfur removal technology, BN has shown some exceptional properties in

reducing the sulfur levels in the liquid fuels.

2.7 Carbon dots (C-dots)

Carbon based nanomaterials are very fascinating and have drawn considerable attention in the
last few years (Song et al., 2018). Carbon dots (C-dotss) are an interesting and unique class of
carbon nanostructures with dimensions below 10 nm, that are being explored for different
applications because of their beneficial optical stability, low toxicity, biocompatibility, and

ease of functionalization (Jahanbakhshi and Habibi, 2016; Chen et al., 2016).

Considerable attention has been paid to the design, manufacture and use of C-dot based
hybrids, composites and doped nanomaterials as the components of C-dots have many benefits,
such as low toxicity, water solubility, superior physicochemical stability (Jahanbakhshi and

Habibi, 2016). Surface modification flexibility as well as abundant functional groups (-OH,-
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COOH, etc.) on the C-dot surface offer several desirable sites for the development of different
nanomaterials based on C-dots. In addition, some analysis shows that the photo-excited C-dots
can act as remarkable electron donor species (Wang et al., 2009). The photo-excited C-dots
have high electron-donating potential that enables the reduction of metal ions to metal
nanoparticles on their surface to make various metallic and metallic oxide nanomaterial hybrids

and composites.

Because of the low-temperature processability of the synthesis procedures and good
hydrophilicity, the C-dots are compatible with large-area, roll-to-roll mass production
techniques (Choi et al., 2013). Consequently, the electron transfer properties along with high
stability, abundant surface functionnal groups, and high surface area of C-dots present these
nanostructures as the suitable electrocatalysts, sensor materials (Huang et al., 2014; Zhu et al.,

2013)

Carbo dt core OH CO NH2

Carbon dot with
different functionalities

Figure 2.29 Images shows C-dot core and possible functionalities on C-dots (Barman

and Patra, 2018)
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Numerous raw materials have been used in C-dot synthesis, namely graphite oxide (Wang et
al., 2011), citric acid (Ludmerczki et al., 2019), glycerol, coffee grounds (Crista et al., 2020)

and grass (Sabet and Mahdavi, 2019).

Lignin was utilized as a raw material, which is an extensively available natural organic polymer
to synthesize C-dots (Fu et al., 2013; Ragan and Megonnell, 2011). However, owing to strong
carbon to carbon linkages in their molecular structure, it is very challenging to degrade lignin
and its derivatives. It is still feasible, however, to efficiently synthesize high-quality C-dots
with low-cost and easily obtainable starting materials in a simple and environmentally safe

process.

Chitosan is a linear polysaccharide that includes -OH and-NH:z groups. It is the second most
available natural biopolymer, non-hazardous, biodegradable and relatively economical.
Furthermore, Chitosan has long been discarded in the form of seafood waste. In this study, with
chitosan as the carbon source, water-soluble and reductive C-dots were synthesized through

the hydrothermal process (Song et al., 2018).

Several synthesis processes were subsequently identified for the preparation of C-dots, such as
pyrolysis, acidic oxidation, hydrothermal treatments, laser ablation, electrochemical
carbonization, combustion, microwave methods. The hydrothermal carbonization method was
used as an efficient technique for the synthesis of novel carbon-based materials, particularly C-
dots, among different techniques (Titirici et al., 2008). Due to the cost efficiency, and being
quick and single step process, hydrothermal procedure using an appropriate precursor is known
as one of the efficient and low-cost methods with high selectivity and increased yield (Atienzar

etal., 2013 ; Niu et al., 2015).
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BN nanostructures can be functionalized for them to be potential nanofillers in membrane
desulfurization. That being said, this particular work with PPSU-CBN MMM as an adsorbent
for the removal of sulfur compounds from fuels has not been reported to the best of our
knowledge. The prepared membranes were extensively studied to examine the influence of the
addition of h-BN and C-dot doped h-BN on the membrane's physicochemical properties. The
performance of the fabricated membranes in separating DBT from model fuel was also

investigated.

2.8 Conclusion

This chapter is an elaborate and comprehensive list of literature reviewed for this research
work. It provides an outline of all the functional aspects of the crude oil production including
an overview of the the latest information connected with the refinery processes as well as
policies associated with the production and consumption of crude oil products. It also consists
of all the relevant concepts related to the conventional and non conventional desulfurization
techniques including the required membrane properties for the design of MMM for the current

research study.
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3. CHAPTER THREE: DEVELOPMENT OF BORON NITRIDE AND

CARBON DOT SYSTEM

3.1 Introduction

This chapter elaborates on the development of hexagonbal boron nitride (h-BN) and carbon dot
(C-dot) system and their charecterization with reference to the methodology graphically

depicted in section 3.2.

3.2 Graphical representation of Methodology

This section describes graphically the materials used, as well as the experimental and analysis
techniques employed in this study. Each following Figure provides the process flow of
activities and materials used in the research work, providing details about the methods which

included characterization as well.

The following includes graphical representation of the flow diagram of the following research

activities:

e Overview of h-BN synthesis
e Overview of C-dot synthesis

e Overview of C-dot doped on h-BN
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3.2.1 Overview of h-BN synthesis
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Figure 3.1 The flow diagram of h-BN synthesis and its characterization
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3.2.2 Overview of C-dot synthesis
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Figure 3.2 The flow diagram of C-dot synthesis and its characterization
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3.2.3 Overview of C-dot doped on h-BN
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Figure 3.3 The flow diagram of C-dot doped on h-BN and its characterization
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3.3 Methods

The literature review in chapter two assisted in adopting the methods and analytical techniques
used in this investigation. The presentation of the methods was split in three sections namely,
hexagonal boron nitride (h-BN), carbon dots and doping synthesis. Figure 3.4 shows the
method used for the synthesis of the adsorptive material system used prior to embedding into

the polymeric membrane.

m Boric Acid

Synthesized
Carbon Dot

Product
characterization

Product
characterization

Product characterization

Carbon dot
doped on Boron
nitride

Figure 3.4 Methods used for the development of adsorptive materials

3.3.1 Synthesis of Boron Nitride

The raw materials and synthesis pathways used to generate h-BN are critical since the quality
and properties of the developed h-BN will be determined by them. Hard templates, such as
mesoporous silica (Rushton and Mokaya, 2008), carbonaceous materials (Dibandjo et al.,
2005), or structure-directing chemicals (Li et al.,2013) are commonly used as sacrificial

material to maintain better control over BN pore structure in template synthesis (Schlienger et
125



al., 2012). However, there are a number of drawbacks to templating techniques, such as the
removal of solid templates after synthesis or the presence of various impurities in the final
product. Alternative template-free approaches that nevertheless allow for tailorable structures
are being researched to try to overcome these drawbacks. The heat-treatment of solid nitrogen
and boron precursors in either an inert, an ammonia, or a nitrogen/hydrogen environment is
frequently used in the template-free synthesis of porous BN. Even though the ease of this
synthesis approach has advantages over template procedures, little is known about how to
manage the structure and chemistry of porous BN, which is necessary to modify the materials
characteristics for specific applications. As a result, it is necessary to look into the impact of
different synthesis conditions on the structure and chemistry of porous BN materials. Variable
synthesis parameters have been shown to be critical in managing the porous BN structure in

several exploratory investigations.

Nag et al., (2010), found that increasing the urea to boric acid molar ratio increased the surface
area of BN by up to three times. The implications of dissolving the nitrogen and boron
precursors in a solvent before the synthesis step were neglected until recently, when Wu et al.,
(2016), revealed that this had a major impact on BN formation. The surface area of BN might
be adjusted by recrystallizing urea and boric acid from different solvents with different boiling
temperatures. This re-crystallization phase created intermediates with varying crystalline
structures, which influenced their disintegration following heat treatment, resulting in BN
structures that varied. As a result, this experiment explored the introduction of N2 gas at initial
stage of precursor preparation for h-BN synthesis in order to acquire a better inert environment
and have better knowledge of BN production in template-free method and the effect it has on
the adsorption performance. It was hypothesized that by gaining a better understanding of
template-free synthesis processes, a path to enhanced control over the synthesis of porous BN

structures may be found.
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The current study develops h-BN from low-cost B and N-containing precursors such as boric
acid (HsBOs) and urea (NH2CONH?2) which are widely used in h-BN production. The two raw
materials were purchased from Sigma Aldrich (Pty) Ltd., South Africa and were utilized as
received. There were two steps in the synthesis route in this investigation: synthesis of the

precursor, and development of h-BN.

Step 1: Synthesis of the h-BN precursor

This experiment explores a method of introducing N2 gas at initial stage of precursor
preparation. The continuous supply of N2 ensures that the reaction proceeds as intended and
also serves as a protective gas during the synthesis process. For this purpose, three flowmeters
of N2 with different flowrates (60, 90 and 120 ml/min) were employed into the reaction

mixtures in a water bath with a fixed temperature.

Boron (boric acid) and nitrogen (urea) containing reactants were added in 10 ml of distilled
water. The solutions were stirred continuously at a certain temperature to investigate the effect
N2 flow rate on the development of h-BN. The ratio of boric acid to urea was fixed at 1:24.
Boric acid and urea mixture solutions were introduced into a water bath set with specific
temperature and connected to different flowmeters with 60, 90 and 120ml/min flowrates of N2
gas. The reactions were carried out at 80 °C till a white solid is formed and no liquid remained
in the mixture. The solid precursors were dried in an oven at 75 °C till a firm white solid is

formed. Figure 3.5 shows the precursor preparation with N2 inflow used in this research.
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Figure 3.5 Water bath set up for precursor preparation

Step 2: Development of the h-BN

Two calcination methods were used for the development of h-BN from the precursor, namely
Heat Treatment Furnace (HTF) and Chemical Vapour Deposition (CVD) methods. Both

methods used inert gas to avoid oxidation of the developed product.

Method 1: Heat Treatment Furnace (HTF)

The dried powder precursor was heated at 3 different furnace temperatures of 700, 800 and 900
°C to have 3 samples prepared at different furnace temperatures. The heating was carried out

for 3 hours in the presence of N2atmosphere. The product was cooled down and removed from
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furnace to obtain a white product. All the obtained products were characterized to confirm the

formation of h-BN.

Method 2: Chemical Vapour Deposition (CVD)

The fourier transform infrared spectroscopy (FTIR) of h-BN samples generated from
precursors prepared with different nitrogen flowrates showed no significant differences.
Therefore, the dried powder precursor from N2 with 120ml/min flowrate was selected for CVD
calcination. A horizontal CVD tube with an electrical wire resistance was employed for this
purpose (Camurlu, 2011). The furnace was secured with gas-tight fittings and a trap for outlet
gases from furnace was arranged to restrict air from getting into the system and to dissolve the

released gases.

The samples were transferred to a crucible and further heated in a CVD for 3 hours under Argon
atmosphere at a constant flowrate. Three samples were prepared in CVD at 3 different
temperatures of 700, 800 and 900 °C. The developed h-BN was removed from the CVD, and
was characterized. Figure 3.6 illustrates horizonatal CVD method for h-BN synthesis from the

precursor.
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Figure 3.6 Horizontal CVD method for h-BN synthesis

3.3.2 Carbon Dot (C-dots)

The C-dots were produced using chitosan as carbon source, which was carbonized using
hydrothermal process. 0.5g of chitosan was added to 100 ml of 1% acetic acid solution and
mixed for 20 minutes with an ultrasonicator. The solution was shifted into a stainless steel
teflon autoclave and was heated in a muffle furnace for hydrothermal treatment. The autoclave
undergoes a thermal treatment, at 180 °C temperature for 12 hours with a heating rate of 5
°C/min. The autoclave was left to cool down to room temperature after the reaction. The
solution was transformed from a colourless liquid to a dark brown solution, signalling the
development of the C-dots. The resulting solution obtained was centrifuged at a speed of
10 000 rpm for 15 minutes and filtered to eliminate unwanted particles (Song et al., 2018). The
produced C-dots were characterised with FTIR and transmission electron microscopy (TEM)

analysis. Figure 3.7 describes the hydrothermal synthesis of C-dots from chitosan.
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Figure 3.7 Hydrothermal synthesis of Carbon dots

3.3.3 Carbon dot doped on h-Boron nitride (CBN)

The synthesis of C-dot doped BN (CBN) was adopted from the method used by Zhao et al.,

(2011). Two solutions were prepared to dope C-dot into h-BN.

Solution 1: 20 mg C-dots were dispered in 40 ml distilled water. 10 ml of this solution was
mixed with 5 ml of ethyl alcohol and was ultra-sonicated in a water bath for 15 minutes at room

temperature.

Solution 2: 50 mg h-BN was added to 10 ml distilled water and 0.5 ml liquid ammonia mixture.

This solution was ultra-sonicated in a water bath for 15 minutes at room temperature.

The prepared solutions (1 and 2) were combined together and subjected to a 12 hour reflux at
60 °C. Thereafter, the solvent from the resultant mixture was evaporated at 60 °C using rotary
evaporator. The final mixture was dried in an oven at 100 °C for 24 hours for the remaining

solvent to evaporate.
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3.4 Analytical Techniques

The synthesized products were analysed with transmission electron microscopy (TEM),
scanning electron microscope (SEM), powder X-ray diffraction (XRD), fourier transform

infrared (FTIR) for morphology, crystal structure and functional groups respectively.

Fourier transform infrared spectroscopy (FTIR)

The chemical composition of the produced products were analysed with FTIR. Bruker Tensor
27 model with Opus software was used to record the IR spectra ranging between 500 and 4000
cm to detect the functional groups of the materials. A small amount of material was placed
on the instrument for scanning to generate the IR spectra. The peaks were compared with the

literature to determine the specific functional groups.

Transmission electron microscope (TEM)

TEM analysis was performed by using FEI Tecnai TEM instrument. TEM samples for
examination were arranged by firstly adding a small quantity of sample in ethanol and
sonicating in water bath for about 10 minutes for even distribution of sample particles in the
solvent. Secondly, a small droplet of the dispersion was carefully applied on a 200 mesh carbon
grid with lacy carbon film and left for few minutes to dry. The grid was finally introduced into
the TEM instrument to analyse the sample at different magnifications to record images of

interest.
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Scanning Electron Microscopy (SEM)

SEM was additionally used to inspect the microstructure of the samples using FEI Quanta 200
SEM model. The samples were placed onto the carbon resins and then mounted onto spuds
using a dual sided tape. Gold palladium (Au/Pd) coating was used on the samples prior

scanning, to make the material surface conductive.

X-ray diffraction spectroscopy (XRD)

XRD is a non-destructive bulk method used to interpret the crystal structures of substances.
XRD, furnished with a Cu Ka (A= 1.5418 A) source on a Bruker D2 X-ray diffractometer was
used to analyse the crystalline structure of the samples synthesized. The 26 measurements range
from 20 to 100 °. The data obtained was interpreted using an EVA software with PLU2018-
pdf-4-2018RDB database. The material is finely ground in powder XRD, and each set of
crystallographic planes diffracts X-rays constructively at particular angles (0). Crystalline
patterns plot the intensity of X-rays diffracted at various angles and can be used to identify the
type of crystalline structure formed, as well as the spacing between various planes (d-spacing),

the crystalline size and their orientation. The d-spacing is calculated by using Bragg's law.
Bragg’s Law:
nA = 2dsinf (3.0)

Where, 6 = angle between incident X-rays and crystal lattice; n = integer; d = spacing between

planes;and A = wavelength
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3.5 Results and Discussion

3.5.1 Hexagonal Boron Nitride

This section provides with the results and discussion aspects of h-BN. Figure 3.8a shows the
precursor formed from the reaction mixture with Nz inlet and, h-BN formed from CVD and

HTF processes.

Figure 3.8 (a) Precursor formed from Boric acid and urea reaction mixture, (b) h-BN

product after heating in a CVD reactor, and (c) h-BN from HTF

The reaction in CVD was carried out in argon atmosphere, which is inert and no N2 source was
introduced into the CVD system. It can be assumed that nitrogen and boron present in the
precursor/intermediate (HNBOH) reacts to produce h-BN along with other gaseous by-

products that exit from the reactor while heating. For HTF, N2 gas was introduced to avoid air
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contact with the precursor. The following reactions take place during the formation of h-BN

according to Hubacek and Ueki, (1996):
2H3BO3 + CO(NH2) 2 =2 H(NB)OH + CO2 + 3H20 (3.1)

A complex HNBOH (precursor) is formed by reacting urea with boric acid along with the

release of CO2 and H20O in equation 3.1.
3H(NB)OH = BN + B203 + N2 + 3H2 (3.2)

h-BN was formed from the precursor by the release of B20s, H2 andNz2 as can be seen from
equation 3.2. To maintain the stoichiometric coefficients simple in the equations quantifying
the hydrolysis process, the constitutional water was ignored in the calculation for boron nitride
on the side of the reaction products. H-BN grows during the heating process while liberating
hydrogen and hydroxyl groups. Hydrogen and nitrogen gases are formed by thermal
decomposition process. Hydrogen released during the reaction may get used in the reduction
of boron oxide to elemental boron which then reacts with nitrogen to form h-BN (Bartnitskaya
et al., 1998). In a study by Nag et al., (2010), relative proportions of urea and boric acid were
varied to investigate its effect on the development of h-BN. They proposed the following

reactions from their study:

The equations 3.3, 3.4 and 3.5 explains the simultaneous reactions taking place during the h-
BN synthesis process. Boron oxide and ammonia released during the reation would react under

thermal heating process to produce boron nitride and water molecules.
A
2H3BO3 —» B203 + 3H20 (3.3)

NH2CONH2 —2 » NHs+ HNCO (3.9)
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Figure 3.9 (a) FTIR spectra of h-BN from the precursors prepared at (a) 120 N2

flowrate, (b) 60 N2 flowrate and (c) 90 N, flowrate

Figure 3.9 a, b and ¢ shows FTIR spectra for h-BN samples developed from precursors
prepared at different N2 flowrates after calcination using HTF method. All the h-BN FTIR
spectra show peaks conforming the B-N-O vibration at ~1190 cm™! (Sudeep et al., 2015).
There are also various broad peaks ranging between 540-720 cm ! and 1190-1445 cm™! which
can be attributed to the unreacted precursor material present in the final products. It has been
stated that finding the functional peaks in the FTIR range of h-BN is challenging due to
the high intensity of B—N peaks at ~ 785 cm™ and ~1370 cm™, which may interfere with other

vibrations (Nazarov et al., 2012).
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Figure 3.10 FTIR spectra of h-BN synthesized using CVD method at different

temperatures

Figure 3.10 reveals the FTIR spectra of CVD h-BN synthesized at different temperatures. A
trend was observed when the calcination temperature was increased from 700 °C to 900 °C with
the FTIR Figure 3.9 (a, b and c) and Figure 3.10 of h-BN showing the presence of —OH at
~3210 cm * that indicate the presence of additional functional group in h-BN. The -OH peak
intensity was seen to be decreasing when the calcination temperature increases, as can be
understood from the FTIR spectra of different h-BN products produced at 3 different
calcination temperatures (Camurlu, 2011). The additional peak intensities between 540 and
1350 cm “* are also seen to be reducing with increased temperature which can be hypothesised
that the increase in calcination temperature increases the removal of volatile substances during

the synthesis process.

The FTIR spectra of the final products produced using the HTF method of precursors with

various nitrogen inert gas flowrates exhibited no significant pattern. There were no major
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changes observed between the samples synthesized with varied nitrogen flowrates. However,
the calcination temperatures and method used had a considerable impact on the final products.
Therefore, h-BN prepared by CVD method at 900 °C was utilized in the study to prepare the

final adsorptive material as it had much less impurities when compared to other samples.
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Figure 3.11 The FTIR spectra of precursor formed from urea, boric acid before heat

treatment and final h-BN product from CVD and HTF methods heated at 900 °C

Figure 3.11 compares the FTIR spectra of the precursor, h-BN prepared from CVD and HTF
methods. The Figure showed that h-BN formed at 900 °C from CVD favours the development
of pure h-BN with less impurities compared to h-BN from HTF at 900 °C. The h-BN from
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CVD shows two distinctive peaks at 1369 cm™ and 787 cm™ representing the in-plane B-N
stretching vibrations and out of plane B-N-B bending vibrations, respectively whereas, the
precursor lacks these two main peaks (Xiong et al., 2015; Yan et al., 2017; Besisa et al., 2016).
Besides the two significant peaks, another broad peak at 1065 cm™ was recorded for h-BN
CVD, which is believed to be indicating the presence of surface bonds containing boron and/or
nitrogen or it might be due to a C-B bond . This formation might be an impurity formed in very

low quantity (Besisa et al., 2016).

h-BN has a polymer like structure with hexagons consisting of B and N. The presence of -OH
and -H groups on periphery of h-BN was suggested to be found as a result of H20 release
during h-BN crystal unification process (Hubacek and Ueki, 1996). The peak at ~ 3250 cm™
for h-BN CVD 900 °C designates the -OH vibration, peak indicating the presence of -OH on
h-BN (Nazarov et al., 2012). The presence of oxygen bearing functional groups is evident from
all the h-BN FTIR spectra. The existence of oxygen-containing functional groups in the product
is assumed to increase hydrophilicity which are advantageous for adsorption effect (Shen et

al., 2019).
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Figure 3.12 TEM images of h-BN CVD (900 °C) (a) showing stacked layer like

structures, and (b) h-BN with multiple crippled layers
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TEM analysis shows the morphology of h-BN taken at different magnifications. The image in
Figure 3.12a reveals several stacked layers with the upper layer showing straight line like
structures arranged parallel to each other. The distance between each line in the surface layer
appears to be equal (Besisa et al., 2016; Hidalgo et al., 2013). The TEM image in Figure 3.12b
clearly revealed almost transparent crippled surfaces with pores and protruding edges of h-BN
indicating their ultra-thin thickness (Xiong et al., 2018). All the images from TEM analysis

observed have multiple layered disordered structures of h-BN flakes.

Figure 3.13 SEM image showing h-BN aggregates from CVD (900 °C)

The aggregate assembly of h-BN was observed using a SEM image as shown in the Figure

3.13. The image of the h-BN displays an irregular and unevenly distributed grained crystal like
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structures. Due to the clustering over a large area, the picture represents an unequal distribution
of large faceted particles with tiny incrustations on the surface. The retention of moisture may

be the reason for the presence of large faceted particles and aggregation (Berchmans et al.,

2009).
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Figure 3.14 Image showing XRD peaks of precursor, synthesized h-BN by CVD (900 °C)

method and HTF (900 °C) method

Figure 3.14 presents the XRD patterns of the precursor and h-BN formed by CVD under argon

atmosphere and HTF methods. XRD peaks of h-BN HTF reveals a strong peak of the
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crystallographic (002) plane at 26 = 29.69° for h-BN which indicates the crystalline structure
of h-BN. Bragg's law is used to calculate d (interplanar spacing values) indicating the distance
between BN layers which can be deduced to be ~ 0.30nm of the produced h-BN (Camurlu,
2011). Another classical peak (100), was noticed but is very weak at about 42 °. The peak at
22.10 ° and other broad peaks indicate that the h-BN produced might have unreacted precursor
and some impurities (Xiong et al., 2018). An extra peak at 22.10 ° indicates the presence of
impurity which agrees with the FTIR data. The XRD result of the precursor shows two
distinctive peaks at 22.52 ° and 35.83 ° which are completely different from the peaks observed
for h-BN. The h-BN synthesized using CVD at 900 °C has a sharp peak at 27.17 ° and some of
it spreading over a wide range indicating h-BN powder may be of low crystallinity. Two peaks
at 40.05 ° (100) and 14.41 ° (001) are similar to the BN peaks observed in the study by Huang

etal., (2013).

3.5.2 Carbon Dot

This section provides with the results and discussion of C-dots produced by hydrothermal

process.
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Figure 3.15 displays the TEM results of C-dots images taken at different magnifications. The
C-dot images from Figure 3.15a and b are clearly observed to have a nearly spherical shape
with a nano size range of around 5-10 nm in diameter (Jahanbakhshi and Habibi, 2016). Figure

3.15 b also reveals some C-dots that are agglomerated.
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Figure 3.16 XRD spectra of C-dots

Figure 3.16 shows the XRD spectra of C-dots synthesized from hydrothermal process. A broad,
low-intensity diffraction peak centred at 26 = 21.07 ° was evident in the XRD spectrum figure,

confirming the presence of amorphous carbon (Liu et al., 2017). The XRD patterns revealed
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no sharp peaks other than 26 = 21.07 °, reflecting the amorphous nature of the synthesized C-

dots (Bajpai et al., 2019).
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Figure 3.17 FTIR of synthesized C-dots

The existence of various functional groups in each sample is confirmed by FTIR spectroscopy
of the produced C-dots as illustrated in the graph of Figure 3.17. The O—H vibrational stretching
and C—H bending peaks of C-dots are positioned at 3330 cm™ and 2923 cm™, respectively. The
vibrational stretching peaks of C=0, C-H, C-O, and C-N can be found at 1593 cm™, 1405 cm’

11120 cm™, and 1050 cm™ respectively (Vasimalai et al., 2018)
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3.5.3 Carbon dot doped on Boron nitride (CBN)

This section discusses the results of C-dots obtained from various analytical techniques.

Figure 3.18 TEM image of C-dots doped onto h-BN

Figure 3.18 exhibits a low resolution TEM image of CBN showing nano sized C-dots doped
onto the h-BN. Whereas, h-BN image from Figure 3.12 a, presents a structure with thin nano

sheets having smooth surfaces (Ouyang and Long, 2021).
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Figure 3.19 SEM images of (a) CBN porous microstructure, and (b) Porous bulk solids

and some flakes of hexagonal layers

The image in the Figure 3.19 a illustrates the intertwined porous microstructure of the CBN
nanomaterial. The doping of C-dots is believed to induce some structural defects into the h-BN
that resulted in decreasing the crystallinity of CBN and becoming more porous in nature. It is
well understood from XRD results that C-dots are amorphous while h-BN showed sharp peaks
indicating some crystalline nature. The image in Figure 3.19 b discloses some amorphous solids
of porous bulk solids of CBN and others showing flakes of hexagonal layers indicating the C-
dots did not alter the structure of the h-BN completely. It is significant to note that the porous
structure of the h-BN compound may be the consequence when C-dots were used as an additive

(Lietal., 2014).
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Figure 3.20 Comparison of FTIR spectra of h-BN CVD (900°C) and CBN
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The FTIR spectra of CBN and h-BN CVD are shown in Figure 3.20. The presence of absorption
bands at 1364 cm™ and 789 cm, of CBN correlates to the stretching and bending vibrations
of B-N and B-N-B, respectively, confirming the original hexagonal BN structure, remained
nearly unchanged (Liu et al., 2020). In contrast to pure h-BN, the CBN showed many additional
absorption peaks. It can be observed that there is an increase in the 3233 cm™ peak intensity
corresponding to the O-H vibration, resulted from the doping of C-dots. The peaks at 1651 cm”
1and 1198 cm™ indicate the formation of C-O-N bond and C-N bond indicating the doping of

C-dots into h-BN (Ouyang and Long, 2021).
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Figure 3.21 XRD image of CBN and h-BN CVD
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XRD spectra have been used to determine the structure of CBN prepared from C-dots doped
into h-BN CVD (900°C) . Figure 3.21 shows XRD peaks of the synthesized C-dots and C-dot
doped h-BN (CBN). The XRD result of CBN demonstrates two main peaks at 27.40 ° and
39.44°, which might relate to the C-BN (002) and (100) planes, respectively, as shown in Figure
3.21. The XRD peak positions 14.41 °, 27.40 °and 39.44° of the CBN as synthesized were
almost identical to those of the h-BN CVD. This indicates that the crystalline nature of h-BN

was only slightly changed after doping with C-dots.

3.6 Conclusion

This chapter provided a detailed insight on the materials and methods used and developed in
synthesizing the h-BN, C-dots and CBN system this research study. The synthesized products
were analysed by FTIR, XRD, SEM and TEM analytical techniques to confirm the production

of the synthesis of h-BN, C-dots and CBN.
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4. CHAPTER FOUR: DEVELOPMENT OF PPSU MEMBRANES

EMBEDDED WITH H-BN AND CBN
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4.1 Introduction

This chapter describes the development and the charecterization of polyphenyl sulfone (PPSU)
membranes embedded with hexagonal boron nitride (h-BN) and carbon dot doped (CBN)

nanoparticles.

4.2 Methods

Polyphenyl sulfone (PPSU) (Radel R-5000) was obtained from Solvay Polymers and
Chemicals (Pretoria, South Africa). N-Methyl-2-pyrrolidone (NMP) solvent of analytical
grade was purchased from Sigma Aldrich (Pty) Ltd, South Africa. The chemicals were used as
received. PPSU was dried in an oven at 100 °C overnight before use. H-BN and CBN
nanoparticles synthesized in this study were used to develop PPSU embedded with h-BN and

CBN composite membranes by phase-inversion process.

4.2.1 PPSU membrane preparation

PPSU was dissolved in pure NMP solvent to produce 14 wt. % of the dope solution (pristine
PPSU membrane). The PPSU-NMP mixture was stirred at a constant speed for 24 hours at
room temperature in a round bottomed flask closed with a tight lid for complete dissolution of
PPSU, until a homogenous solution was formed. The produced dope solution was degassed by
sonication for up to 20 minutes to get rid of the air bubbles. The PPSU-NMP solution was then
cast onto a glass plate using a casting knife of 100 um-gap thickness to form thin films. The

membrane was submerged in deionized water at room temperature for 15 minutes, to complete
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phase separation and removal of solvent. The developed membrane was peeled off from the

glass plate and preserved in deionised water until use.

4.2.2 Synthesis of PPSU Mixed Matrix Membranes (MMM) embedded with h-BN and

CBN nanofillers

The process of developing MMM follows the same procedure of synthesizing pristine PPSU
membrane, additionally by adding different weight ratios of h-BN and CBN into the PPSU
dope solution. Different wt. % of h-BN and CBN nanoparticles selected (0, 0.2, 0.4, 0.6, 0.8,
1.0, 1.2, and 1.4 wt. %) were added to the NMP solvent and sonicated with an ultrasonicater
probe for 10 minutes. Thereafter, the nanoparticle solution was added to the PPSU solution to
produce 14 wt. % (PPSU) dope solution and casted to produce the MMM s. Figure 4.1 illustrates
the graphical representation of the synthesis and charecterization of the MMM incorporated

with CBN particles.
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4.2.3 Overview of the membrane development
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Figure 4.1 Development ofPPSU MMM with CBN nanoparticles
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4.3 Membrane desulfurization process

The developed membranes were tested in dibenzothiophene (DBT)/ hexane model fuel
containing 0.1g refractory sulfur DBT in 100 ml hexane for desulfurization efficiency. Each
test was performed by taking 20 ml of model oil and a measured amount of membrane (MMM)
in a conical flask, stirred at a constant speed. A detailed process of desulfurization using
membrane is discussed in chapter five. The membrane sample was filtered and removed, and

the fuel sample was collected and analysed for % sulfur removal.

4.4 Analytical Techniques

The developed membranes were characterized with FTIR for specific functional groups, SEM for

morphology (membrane thickness, porous nature, distribution of nanoparticles).

4.5 Results and Discussions

This section provides with the FTIR and SEM results and discussion of the PPSU membranes

developed.
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Figure 4.2 FTIR spectra of PPSU, PPSU-CBN and PPSU-h-BN membranes

Figure 4.2 displays the infrared spectra of pristine PPSU membranes, PPSU-CBN and PPSU-h-BN
mixed matrix membranes at 0.8 wt%. The PPSU peaks at 1122 cm™and 1261 cm are indicative of
the symmetric stretching of O=S= and antisymmetric contraction of O=S=0 bond groups
respectively. The C=C stretching vibration of the benzene ring has clear peaks representing at 1495

cm-1 and 1594 cm-1 (Kiani et al., 2015).

The FTIR peaks of PPSU-CBN and PPSU-h-BN do not have any additional peaks other than the
peaks at 3424 cm? for both CBN and h-BN embedded membranes. The peaks indicate the the
presence of -OH groups which can enhance the hydrophilicity of the MMMs, and be beneficial to

improve the permeability of the membrane (Xiao et al., 2017). The -OH peak of h-BN filled PPSU
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is not significant as the the one with PPSU-CBN indicating that CBN nanoparticles might have more

interactions with PPSU membrane matrix compared to the h-BN particles.
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Figure 4.3 SEM images of (a) PPSU membrane with surface layer and inner pores (b)
PPSU-CBN (0.2wt.%) membrane, (c) PPSU-h-BN (0.2wt.%) membrane, (d), PPSU-

CBN (0.4wt.%) membrane and (e) PPSU-h-BN (0.4 wt.%) membrane

The SEM images in Figure 4.3 show that the PPSU membranes with and without the
nanoparticles revealed a porous structure. The surface morphology of the PPSU membrane
(Figure 4.3 a) appears to be smooth whereas, the PPSU-CBN (0.2wt.%) membrane surfaces
(Figure 4.3 b and d) show an evenly and highly porous structure of the matrix. However, the
PPSU-h-BN surface images (Figure 4.3 ¢ and e) show an uneven structure indicating the

agglomeration of h-BN particles in the PPSU matrix.

The synthesis process of CBN particles might have resulted in having better structure which

resulted in enhanced distribution of the CBN particles in the PPSU matric while
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ultrasonication. It can be assumed that CBN particles have better interactions with PPSU

membranes which improved the membrane forming properties.
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Figure 4.4 (a) PPSU membrane surface (b) cross section of PPSU membrnae, (c) cross
section of PPSU-CBN (1.2 wt.%) membrane, (d), PPSU-CBN (1.2 wt.%) membrane
surface showing surface layer thickness and (e) porous network channels of PPSU-CBN

(0.8 wt.%) membrane

The presence and dispersion of h-BN and CBN in PPSU matrix may be examined using SEM
images. The SEM image in FigureFigure 4.4 a shows the surface of pristine PPSU membrane
exhibiting pores that are concentrated at certain places indicating an uneven distribution of
pores in the membrane without adding fillers. The Figure 4.4 b shows the cross section of the
pristine PPSU membrane prepared by fracturing of membrane sample in liquid N2. The
membrane thickness is 53.94 um and 57.09 um as shown, indicating the formation of an
asymmetric membrane. Figure 4.4 ¢ shows the cross section of PPSU-CBN (1.2 wt.%)

membrane with 50.32 um thickness. It can be expected that the membranes developed have a
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thickness ranging between 50 pm to 60 pum. The surface layer formed for PPSU-CBN

membrane has a thickness of 2.035 um as can be seen from Figure 4.4 d.

Image in Figure 4.4 e clearly reveals a number of sponge like pores of different diameters
forming channel like structures suggesting a good mechanism to ensure contact between the
integrated fillers and liquid fuel flowing through them which are essential for the sulfur
removal process. This shows that there is no requirement of an additional pore forming agent
in the membrane development. This is because the PPSU-NMP dope solution, by using phase

inversion method has induced pore formation into the membrane.
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4.6 Conclusion

Mixed matrix membranes with different ratios of synthesized nano particles such as h-BN and
CBN incorporated into the PPSU polymer matrix were prepared. The FTIR analysis shows
thereare no chemical bonds formed between PPSU and nanoparticles, however, a significant
peak at 3434 cm? was observed for PPSU-CBN membrane indicating a strong CBN
interatction with PPSU. The SEM analysis revealed the microstructure of the PPSU-CBN
membranes synthesized to be highly porous. The FTIR and SEM analysis show that the CBN
fillers have enhanced the membrane forming properties as a result of the superior interaction

of CBN with PPSU polymer.
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5. CHAPTER FIVE: DESULPHURISATION PROCESS OF MIXED

MATRIX MEMBRANES

5.1 Introduction

This chapter presents the adsorption performance of the synthesized polyphenylsulfone (PPSU)
membranes with h-BN and CBN nano materials for dibenzothiophene (DBT) removal from a model
fuel (DBT in hexane). The adsorbent materials are analysed with varying amounts of nano materials,
time and temperature, to evaluate the effectiveness of membranes in separating DBT from the model

fuel.

5.2 Methods

The research of the desulfurization of model compounds including DBT has dominated because of
the refractory molecules such as DBT and substituted DBTs account for up to 70% of the sulfur in
fuels (Monticello, 2000). DBT is found in nearly all crude oils, nevertheless, because of steric
hindrance, benzothiophene (BT) and DBT derivatives are significantly more resistant to the
traditional hydrodesulfurization method and pose a major hindrance to obtaining very low sulfur
levels in fuels. Hence, DBT is selected as a model refractory sulfur compound in modern
desulfurization methods. Therefore, this study has focused on removal of DBT as it is the major

proportion of thiophenic sulfur found in most fuels.

The influence of operating variables on the adsorption efficiency of the mixed matrix membranes
(MMM) for the DBT removal from the model oil was investigated to better understand the

performance of hexagonal boron nitride (h-BN) and carbon dot doped boron nitride (CBN)
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embedded PPSU membranes during desulfurization of DBT. The batch adsorption process is the

technique used.

DBT, hexane-98 % were purchased from Sigma Aldrich (Pty) Ltd, South Africa. All other products

were of analytical grade, and were used as received.

Adsorption performances of the MMM were estimated by using a model diesel prepared in the

laboratory by dissolving 0.1 g DBT in 100 ml hexane.

Study of operating conditions is essential in evaluation of the membrane performance. The effect of
operating conditions such as temperature (K), time (min), and the amount of adsorbents in
membranes (Wt. %) on the performance of the MMM were studies in batch mode experiments. The
operating variables such as; time (0-240 minutes), temperature (290 to 320 K), amount of adsorbents

(0 -1.4 wt.%) were varied.

The following equation calculates the amount of sulfur compounds adsorbed (qt) (Xiong et al.,

2018):

_ (Co-CHV
- m

of (5.1)

Where, Co and Ct(mg L) are initial and final sulfur concentrations respectively, t=time, V (L) =

volume of the fuel, and m (g) = mass of the adsorbent

SR= (Co —Ce)

x 100 (5.2)

Where, SR (%) is the percentage DBT removal, Co and Ce are the initial and final concentration of

DBT in the model oil in mg L, respectively (Kiran and Kaushik, 2008).
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5.3 Desulfurization process

The developed membranes were tested in DBT/n-hexane model fuel. The following procedure
describes the desulfurization experimental process. The Figure 5.1 shows the desulfurization

experimental set up.

» Conical Flash

Model Fuel

> +
Membrane

» Speed Control
» Magnetic Stirrer

» Temperature Control

Figure 5.1 Batch adsorption process set-up for sulfur removal using MMM embedded

with h-BN and CBN

5.3.1 Effect of contact time

20 ml model fuel with a known amount of each adsorbent sample were taken in a conical flask
and stirred at a constant speed with varying contact times (0, 30, 60, 90, 120, 150, 180, 210, and
240 minutes). The temperature and adsorbent amount were kept constant at 26 °C (299.15K) and
0.8 wt. % respectively. The samples were collected after every 30 minutes and were filtered to
recover the resulting membrane. The fuel samples were then taken for analysis to determine %

removal of sulfur.
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5.3.2 Effect of amount of adsorbent

In this experiment, the adsorbent amount is varied (0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, and 1.4 wt. %)
and a similar method discussed for effect of contact time was used except for the varied
amounts of adsorbents, constant temperature of 26 °C (299.15K) and contact time of 150
minutes. Separate flasks were used for each adsorbent amount. The fuel sample from each flask

was collected after the experiment and analysed for % removal of sulfur.

5.3.3 Effect of temperature

The procedure is similar to section 5.3.1, with the contact time and adsorbent volume fixed at
150 minutes and 1.2 wt. % respectively, while the temperature was varied at 290 , 300, 310
and 320 minutes. Samples from each flask with different temperatures were collected and

analysed.

5.4 Analytical Techniques

The adsorption experiments using MMM with h-BN and CBN nanoparticles were carried out by
varying different parameters: temperature (290-320K) and the time (0-240 minutes) and adsorbent
amount (0-1.4 wt.%). The samples were taken at several intervals and tested for DBT removal. The
adsorption capacity and % DBT removal were calculated using equations in section 5.2. The
analysis of desulfurized model fuel samples was performed with an agilent high performance liquid
chromatography (HPLC) fitted with an eclipse C-18 column. For the mobile phase, acetonitrile was
used. HPLC was operated 10 mins at 234 nm wavelength, 1.0 pl/ min flow rate, and 10 pl injection

volume.
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5.5 Results and Discussion

The influence of the operating factors such as contact time, amount of adsorbent and temperature
on membrane performance were studied and the experimental data result was used to plot graphs.
This section used heat treated h-BN precursor, calcined at 900 °C in a CVD furnace to synthesize h-
BN product, CBN and to develop MMMs. The experiments used single component adsorption

involving the adsorption of one adsorbate (DBT) from a liquid model fuel system.
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Figure 5.2 Desulfurisation behaviour with time

The impact of contact time on removal of DBT from model fuel was investigated in this experiment,
by keeping the variables such as, adsorbent amount (0.8 wt. %), and temperature (26 °C) constant.
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The samples were collected after every 30 minutes starting from 0 to 240 minutes contact time.
From Figure 5.2, it can be perceived that the sulfur removal efficiency of both PPSU-h-BN and
PPSU-CBN increased rapidly at the start of the reaction with 40.2 and 45.2 % removal of DBT with

PPSU-h-BN and PPSU-CBN systems respectively, from 0 to 30 minutes contact time.

This is most likely because of the significant amount of sites available on the adsorbent surface at
the start of each reaction. The sulfur reduction efficiency of both adsorbents increased slightly with
55.2 % (PPSU-h-BN system) and 60.7 % (PPSU-CBN system) at 120 minutes before reaching
equilibrium at 150 minutes. This small improvement after 150 minutes in removal percentage may
be attributed to the available adsorbent's vacant sites being completely filled to capacity with sulfur
compounds. There was no significant change after equilibrium was reached for both PPSU-h-BN
and PPSU-CBN systems. This is most likely due to the adsorbent's poor reactivity to sulfur

compounds in high sulfur fuels (Fadhel, 2010).

Although, PPSU-h-BN and PPSU-CBN membranes showed a similar trend in DBT removal,
PPSU-CBN system was remarkably showing a better performance in DBT adsorption. This
indicates that the addition of C-dots in h-BN can drastically improve the desulfurization process,
raising the overall sulfur removal efficiency. Other variables were adjusted to establish the optimal

operating conditions and the adsorbents' potential to attain ultra-deep desulfurization.
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Figure 5.3 Desulfurisation behaviour with adsorbent amount

The effect of adsorbent amount on sulfur removal was studied by maintaining a constant time of
150 minutes and temperature of 26°C throughout the experiment. Figure 5.3 shows the
desulfurization behaviour of the adsorbents by varying the amounts of h-BN and CBN amounts
from 0.2 to 1.6 wt. % in the membranes. It is evident from the graph that, the increase in the amount
of adsorbent from 0 to 0.8 wt. %, has considerably increased the wt. % removal of DBT from the
model fuel. This may be as a result of availability of more surface area due to increased adsorbent
volume for DBT adsorption (Srivastav and Srivastava, 2009). In some studies, it was found that
increasing the adsorbent volume speeds up the desulfurization mechanism, as more number of

adsorption sites will be available for DBT (Fadhel, 2010).

PPSU-h-BN and PPSU-CBN systems followed the same trend in DBT removal with the highest
DBT removal efficiency of 60% and 66.5% respectively at 1.4 wt. % of both the adsorbents.

Additionally, PPSU-CBN system showed greater removal efficiency for DBT for the reason
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mentioned in discussion for Figure 5.2. However, the DBT removal performance after 0.8 wt. % of
adsorbent volume dropped significantly as it can be observed with very small increase in % DBT
removal which was still low. It can be inferred that beyond a certain concentration of adsorbent
amount, the removal efficiency does not change due to the overlapping of adsorption sites (Kumar

and Kirthika, 2009). Hence, at 0.8 wt. %, both systems can be credited with the optimum sulfur

removal efficiency.
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Figure 5.4 Desulfurisation behaviour with temperature

The effect of different operating temperatures on the desulfurization efficiency of the adsorbents
was studied in the range of temperature from 290 to 320K, with 150 minutes time and 1.2 wt. %
adsorbent amounts. As observed in FigureFigure 5.4, the graphs show a steady rise in sulfur removal

efficiency at low temperatures from 49.2% (PPSU-CBN), 42.8% (PPSU-h-BN) DBT removal at
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290K to 65.6% (PPSU-CBN), 59.6% (PPSU-h-BN) at 300K. This effect may mainly emerge from
the enlargement of adsorbent pores and forming of additional active sites on the surface of the
adsorbent due to cleavage of the bond at higher temperature (Bettermann and Staudt, 2009). It can
also be assumed that the initial rise in temperature acted as a driving force for the diffusion of the
penetrant molecule (DBT) into the adsorbent vacant sites (Ishag et al., 2017). The equilibrium was
reached at 310K with 66.3% and 60.8% DBT removal for PPSU-CBN and PPSU-h-BN

respectively. Thereafter, the increase was negligible.

The results from Figure 5.4 suggest that the adsorption mechanism is profoundly preferred at
temperatures below 310K (36.85 °C) for both the adsorbent systems. It was shown that there was a
remarkable drop in the removal efficiency at higher temperatures, which may be because of the
decomposition of the sulfonium salts (Shiraishi et al., 2001). Based on the findings, it is
recommended that the desulfurization process be carried out at lower to room temperature and not
beyond 35 °C. Since, this is a lab scale experiment with a model fuel, further research is needed for
varied temperatures. Furthermore, since the variation in removal efficiencies is not substantial, after
the equilibrium the optimal working temperature for both PPSU-h-BN and PPSU-CBN systems can
be maintained at is 310K (36.85°C). As carbon nano materials are shown to be highly stable at
higher temperature, this proves that the addition of C-dots to h-BN has an advantage of enhancing

the overall efficiency of the sulfur removal.

The FigureFigures 5.2, 5.3 and 5.4 show a typical behaviour where three phases can be
identified, namely, rapid phase, slow phase and stationary phase. The adsorption of both PPSU-
h-BN and PPSU-CBN systems in all three Figures has a similar pattern where PPSU-CBN
system was shown to have higher DBT removal than PPSU-h-BN for all the three varying
parameters. The rapid phase has a linear slope where the adsorption was very fast while in the

slow phase, there was a sluggish and gradual increase in the % sulfur compound removal. The
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graph reaches a stationary phase where no more adsorption of DBT takes place. The

equilibrium is reached at this point where no more adsorption sites are available for the sulfur

molecules (Yu et al., 2017).
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Figure 5.5 Graphs showing adsorption behaviour for varying contact time at (a) rapid

phase and (b) slow ph
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The linear adsorption behaviour of PPSU-h-BN and PPSU-CBN systems at different operating
parameters is shown in Figures 5.5, 5.6 and 5.7. At all the parameters, the adsorbents showed
a linear behaviour with R2 values closer to unity. The slow phase is important as most of the
adsorption takes place and the slope values are compared to identify the optimum conditions.
The plot from Figure 5.5 b shows a significant difference in R2 (distribution coefficient) values
of PPSU-h-BN (R2=0.8584). PPSU-CBN system shows more linear adsorption behaviour with

higher R? values, which might be attributed to the combined properties of C-dots and h-BN.

Table 5.3 R? values of h-BN and CBN systems at different parameters at slow phase

Adsorbent | Contact Time Adsorbent amount | Temperature (Fig.
(Fig. 5.5) (Fig. 5.6) 5.7)

h-BN (R?) 0.8584 0.9549 1

CBN (R?) 0.9926 0.9857 1
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5.5.1 Adsorption capacity behaviour

Linear Adsorption Isotherm: The most basic and extensively used method of adsorption isotherm is

the linear isotherm which reflects the affinity of the binding sites. The equation is expressed as:

qe = Kd Ce (53)

Where, ge is the concentration of solute adsorbed onto the solid phase; Ka is the distribution
coefficient and Ce is the concentration of the solute in solution. It usually adopts the distribution

coefficient as a constant and forms the basis of the general retardation factor (Goldberg et al., 2007).

8 -
7 -
y = 7177,4x + 0,5408
R2 =0,9369
6 -
5 -
E y =7167,2x + 0,0035
g4 - R? = 0,9872
r
T
3 -
PPSU-hBN
2 4 PPSU-CBN
Linear (PPSU-hBN)
11 Linear (PPSU-CBN)
O L] L] L] L] L]
0 0,0002 0,0004 0,0006 0,0008 0,001

Ce (g/mL)

Figure 5.8 Linear adsorption isotherm (for effect of varying contact time) of PPSU-h-BN

and PPSU-CBN membranes
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The effect of the varying contact time can be shown using the linear adsorption isotherm by

plotting q against Ce of PPSU-h-BN and PPSU-CBN membranes.

Irreversible

Strongly farorable

Favorable

q,, (meg/g)

Unfavorable

C (meq/L)

eq

Figure 5.9 Adsorption isotherms (Barros et al., 2013)

Adsorption capacity behaviour as shown in Figure 5.9 can be generally characterized by
various shapes such as linear and curved, which can be favourable, strongly favourable,
irreversible and unfavourable as per the investigation of Barros et al., (2013). Figure 5.8 shows
a curve indicating the favourable behaviour of both the membrane systems. The investigated
adsorptive capacity for varying contact time was favoured and had a general linear behaviour
with ge = 7177.4Ce + 0.5408 (R2 = 0.9369) for PPSU-h-BN and ge = 7167.2Ce + 0.0035 (R2 =

0.9872) for PPSU-CBN. The favarouble behaviour of PPSU-h-BN system and PPSU-CBN
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system showed that the used material have higher potential for sulfur removal. The R? values

support the above discussed behaviour as the values are close to 1.

The R2 value for PPSU-h-BN was observed to be higher than PPSU-CBN indicating a more
favoured nature. The reason may be due to the boron atoms in h-BN are sp? hybridized, and
have virtual orbitals (Song et al., 2013). As an outcome, Lewis bases will pair with the electron
deficient boron atoms on h-BN. DBT acts a Lewis base as it has lone pair of electrons in the
sulfur atoms that can result in the Lewis acid—base interactions between h-BN and DBT (Nag
et al., 2010). The higher increase in the favourable region may have been due to the pore size
of h-BN and their chemical interactions with sulfur compounds. More investigations on the
removal mechanism is required to understand the type of interaction and improve the selectivity

of used materials in the future.
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Figure 5.10 Linear adsorption isotherms of PPSU-h-BN and PPSU-CBN membranes for

varying (a) temperature and (b) amount of adsorbents

Figure 5.10 shows the linear graph of ge against Ce for varying temperature (Figure 5.10 a) and
varying amount of adsorbent (5.10 b) in membrane which show distribution coefficients (R?)
values for both PPSU-h-BN (Figure 5.10 a, Rz = 0.9043; b, R? = 0.8429) and PPSU-CBN
(Figure 5.10 a, R? = 0.9254; b, Rz = 0.8697). PPSU-CBN system in Figure 5.10 is showing
higher R? values when compared to PPSU-h-BN system. The reasons for this behaviour could
be the increase in specific area due to the presence of C-dots and also the nano carbon materials
were showed to have superior adsorption properties. As a result, PPSU-CBN are assumed to
have a stronger interaction with sulfur compounds than PPSU-h-BN and might have support

sites due to the presence of C-dots.
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The Figure 5.10 (a and b) also follows a linear pattern as Figure 5.8 and showed an opposite
behaviour compared to Figure 5.8. The increase in temprerature and amount of adsorbents have
shown unfavoured behaviour on the adsorption process based on the investigation of Barros et

al (2013).

The adsorption performance of PPSU-CBN membrane has shown to be superior in all the
varying parameters and also fits the adsorption isotherm well. It was previously demonstrated
that h-BN with more exposed surface atoms could have better adsorption efficiency. But, the
developed porous structure in CBN system could result in a significantly greater amount of
exposed atoms along the pores edges, and these exposed surface atoms may serve as additional
adsorption sites. The C atoms are assumed to enter N site when doped into the h-BN structure,
which will reduce the outer surface electron cloud density of CBN materials and increase the
electro positivity of boron atom’s virtual empty orbitals. The increased adsorption capacity is
assumed to be due to the more exposed atoms around the edges of the pores and the greater
Lewis acid-base association formed between porous CBN materials and DBT (Xiong et al.,

2015).

5.5.2 Effect of temperature on the adsorption capacity of PPSU-CBN membrane

The investigated temperature did not affect the adsorption capacity pattern of PPSU_CBN
system, but increased the ability to adsorb more targeted solute, DBT. This could be explained
by removal of volatile materials that occupied the adsorbent pore during the synthesis process.
Figure 5.11 presents the ge behaviour with time (minutes), and it could be observed that the
PPSU membrane embedded with CBN (CBN produced from h-BN) calcined at temperature of

299.15 K gave better removal of DBT. The adsorption models in the next chapter explored the
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behaviour of MMM developed with CBN developed from h-BN calcinated at 900 °C using

CVD method.
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Figure 5.11 Effect of temperature on PPSU-CBN membrane adsorption capacity

5.6 Conclusion

The adsorption of PPSU-h-BN and PPSU-CBN membrane system was performed in this
chapter. The R? values for linear adsorption isotherms of varying contact time for PPSU-h-BN
is 0.8584 and PPSU-CBN is 0.9926; R? of varying adsorbent amount for PPSU-h-BN is 0.9549
and PPSU-CBN is 0.9857 and R?of varying temperature for both PPSU-h-BN and PPSU-CBN
is 1. The linear isotherms show that the adsorption of both the systems favour the increase in
contact time and showed an unfavourable behaviour for increase in adsorbent amount and

temperature. The results from all the varying parameters such as contact time, temperature and
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adsorbent concentration show that PPSU-CBN system was superior in all the parameters as a
result of increase in adsorption sites due to C-dot doping in h-BN. This increased the overall

performance of the PPSU-CBN system showing significant increase in % sulfur removal.
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6. CHAPTER SIX: ADSORPTION BEHAVIOUR AND KINETIC

MODELS

6.1 Introduction

This chapter elaborates on adsorption behaviour and kinetic models as well as provides the

base of this research with reference to the methodology.

6.2 Adsorption isotherms for single component equilibria

Adsorption process allows targeted molecules to occupy the pores of the adsorption system,
while the non-targeted substances escape through the removal system. The C-dot doped with
h-BN embedded in the membrane can adsorb sulfur molecules and its ability can be well
discussed using the isotherms’ models. Foo and Hameed, (2010) and Sanyangare, (2016)
describe how the use of isotherm models assists in understanding the mechanism of controlling
the adsorption process. The adsorption isotherms were focussed on the adsorption capacity Qe,
which was presented in various mathematical equations to understand the adsorbability of

materials for adsorption module design (Sanyangare, 2016; Worch, 2021).

6.2.1 Linear adsorption isotherm equation

As discussed in chapter five, the graph of ge against Ce is an indication of the favourable or
unfavourable behaviour of the adsorption process. Figure 6.1 showed that the adsorption of
sulfur using CBN embedded PPSU membrane is not reversible (qe = constant). The
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investigation showed that ge = ka Ce + b, with the distribution coefficient kq equals to 18.6,

17.95, 20.2, and 18.1 at 289.15, 299.15, 309.15 and 319.15 K, respectively. It was seen that at

299.15 K, the adsorption capacity was higher compared to 289.15, 309.15 and 319.15 K.

However, there was a larger range of adsorption capacity at 309.15 K. These results showed

the potential of CBN on controlling the removal of sulfur compounds. The temperature became

a factor in the removal range of the adsorbate. The R? value showed that the adsorption

isotherm is more linear at 309.15 K, with higher distribution coefficient. More investigation

should be done in order to understand the effect of time on the large range of adsorbability of

sulfur on PPSU-CBN, and investigate factors that can increase the range of adsorbability at

299.15 K. The diffusion of adsorbate into the pore of the adsorbent and the interaction of

adsorbate-adsorbent are favoured at room temperature.
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Figure 6.1 Linear adsorption isotherm
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6.2.2 Freundlich adsorption equation

Sanyangare, (2016), stated that the Freundlich isotherm can be used for homogeneous and
heterogeneous systems, and for both physical and chemical adsorption processes. This was a
motivation to investigate the Freundlich isotherm behaviour for sulfur using PPSU-CBN
membrane in organic environment as stated by Xu et al. (2013) and Sanyangare, (2016).
Freundlich isotherm equation is given by In ge=In Kr + (1/n) In Ce. The indicator of adsorption
capacity is given by kr, which are 19.83, 20.75, 20.055 and 19.8 at 289.15, 299.15, 309.15 and
319.15 K, respectively as seen in Figure 6.2. As discussed above, the adsorption capacity at
299.15 K was higher compared to 289.15, 309.15 and 319.15 K. The numerical values of n
were 1.087, 1.11, 0.99 and 1.108 at 289.15, 299.15, 309.15 and 319.15 K, respectively. These
results confirmed that the adsorption capacity with Ce has a linear behaviour as discussed
above. The behaviour at 299.15 and 309.15 K are the same for both graphs (Figures 6.1 and
6.2).1fn=1Inge=InKr+ () InCe=InKr+InCe=InKr+InCe=InKr+InCe=In(Kr

X Ce); and ge = Kr X Ce.

The findings of Sanyangare (2016), Muzic et al. (2010a); Muzic et al. (2010b) and Adeyi and
Aberuagba (2012) confirmed that the Freundlich isotherm model was found to describe the

desulfurization behaviour of various adsorbents from petroleum fuels.
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Figure 6.2 Freundlich adsorption isotherm

6.2.3 Langmuir adsorption Equation

As per the investigations of Sanyangare (2016), Vijayaraghavan et al. (2006), Foo and Hameed,
(2010) and Worch (2021b), the adsorption fits intio the Langmuir model only if the interaction
is possible between adsorbate and adsorbent where chemical adsorption is promoted. Figure
6.3 showed that at 299.15 K, the adsorption capacity was too low compared to the other
investigated temperatures. 309.15 K showed higher range and higher adsorption capacity. The
behaviour seen in Figure 6.3 was opposed to the behaviour in Figures 6.1 and 6.2. The linear
form of Langmuir equation given by (1/ge) = (1/QmK)(1/Ce) + (1/Qm) assists in determining
the maximum amount of the adsorbate per unit mass of sorbent (Q=) and the affinity of the
binding sites K (L/mg). The maximum amount of sulfur per unit mass of PPSU-CBN were

192.3, 303, 2000 and 181.8 at 289.15, 299.15, 309.15 and 319.15 K, respectively. These results
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showed that the maximum amount of the adsorbate was more pronounced at 309.15 K. The

affinities of the binding sites K were 4235.85, 6704.2, 39682.5 and 4049.4 L/ mg. The affinity

and the linear behaviour were higher at 309.15 K as discussed above. The amount of sulfur

adsorbed and the affinity at 309.15 K were almost 10 times of the amount and affinity at 289.15,

299.15 and 319.15 K.
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Figure 6.3 Langmuir adsorption isotherm

6.2.4 Temkin Adsorption Equation
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Temkin adsorption equation describes the relationship between the adsorption and the heat of

sorption. The Temkin adsorption equation is given by ge= BInA + BlnCe, with B = RT/b and

A. The Temkin constant related to the heat of sorption b (J/mol) and the Temkin isotherm
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constant A (L/g) were determined from the graph. The adsorption constants are given in table

6.1.

Table 6.4 Temkin adsorption constants

T B | b@mol) | A(Li)

289.15 K | 14.56 165.11 3.801144

299.15K | 25.825 96.31 2.121288

309.15K | 17.912 | 143.49 3.092278

319.15K | 17.248 | 153.84 3.158889

Table 6.1 showed low heat involved in the adsorption process at 299.15 K, while at 289.15 K,
the heat was too high (165.11 J/mol). The same behaviours seen in Figures 6.1 to 6.2 were

observed in Figure 6.4 (higher adsorption capacity at 299.15 K and higher range at 309.15 K).
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Figure 6.4 Temkin adsorption isotherm

6.2.5 Multi-isotherms behaviour

LN C;
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Table 6.2 showed that higher R? values were seen at 309.15 K for all investigated adsorption

isotherms. The multi-isotherms behaviour can be understood by multi-mechanism of

adsorption of sulfur on PPSU-CBN membrane. Temkin isotherm showed that the favourable

temperature (299.15 — 309.15 K) releases moderate heat of sorption, while 289.15 and 319.15

K, involved higher heat of sorption. The kinetic analysis can confirm these findings, and future

optimization study should assist to identify the range of temperatures that removes more sulfur

material.
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Table 6.5 Coefficient of determination (R?)

289.15K | 299.15K | 309.15K | 319.15K

Linear Adsorption Isotherm R2 = R2 = R2 = R2 =
0,9781 0,8252 0,9993 0,9715

Freundlich Adsorption Equation Rz = Rz = R2 = Rz =
0,9802 0,8241 0,9995 0,9715

Langmuir adsorption Equation R? = R?=0,823 R? = R? =
0,9822 0,9996 0,9717

Temkin Adsorption Equation Rz = Rz = R2= R2 =
0,9769 0,8266 0,9957 0,9656

6.3 Adsorption Kinetics

The understanding of the adsorption kinetic behaviour is a key step for the design of the
adsorption system, and provide detailed information for the process management and
mechanism at which the adsorbate interacts with the adsorption system. The kinetic analysis
was required to determine the type of reaction and diffusion mechanism (bulk diffusion,
external mass transfer (film diffusion) and intra-particle diffusion (pore diffusion)) and PPSU-
CBN removeal process of sulfur materials. The diffusion of adsorbate occurs at three steps,
namely external diffusion around the membrane (between the solution and the removal

system), internal diffusion or intra-particle diffusion (within the membrane system), and the
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diffusion within the CBN pores of PPSU-CBN system (active site) (Sanyangare, 2016). The
strength of the interaction between adsorbate and CBN determines the stability of the
adsorption and desorption processes. Higher strength reduces the number of re-uses of the

membrane, as this will require energy and/or chemicals for washing the membrane.

The diffusion of the adsorbate in the solution — module system can be understood by the

following, which determines the rate-controlling factor:

a) Transport of sulfur materials from the solution to the membrane system;

b) Transport of adsorbate around the membrane before reaching the CBN pores;

c) Transport of adsorbate within the CBN pores;

d) The equilibrium state of the adsorbate (adsorption and desorption) within the CBN

pores of PPSU-CBN system.

6.3.1 Adsorption Reaction Models

The adsorption reaction models assist in determining the rate constant, the order of reaction
and the heat involved in the adsorption process. There are several reaction models, but the

following were investigated in this study.

6.3.1.1 Pseudo First Order Reaction model

The pseudo first order reaction model can be presented by Rate = k (qe — qt) with ge, gt and k
the adsorption capacities at equilibrium, time t and rate constant, respectively. The rate constant

can be determined from the slope of the graph by plotting Ln g against time as seen in Figure
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6.5. The R? value (0.5653) at 309.15 K was higher compared to the other investigated

temperatures, which agreed with the above discussion.
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Figure 6.5 Pseudo First Order reaction

6.3.1.2 Pseudo Second Order Reaction model

The pseudo second order reaction model can be presented by Rate = k (ge — gt)2. The integrated

expression of this model can be written as (t/ q)) = (1/ k ge?) + (t/ ge). ge and the rate constant

were determined from the graph of (t/ q) against time. The R? values (0.9963, 0.9977, 0.9962

and 0.9960 at 289.15, 299.15, 309.15 and 319.15 K, respectively) showed that the removal of

sulfur materials using PPSU-CBN fits the pseudo second order reaction model. The rate

constant at 309.15 K was higher compared to the other temperatures, which showed that the
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rate diffusion-controlled at 309.15 K was higher. As stated by Sanyangare (2016), k strongly
depends on the process temperature as the initial concentration, and the driving forces toward
the membrane were kept constant. It was observed that ge increased with the temperature. The
behaviour of the graph on Figure 6.6 confirmed the above discussion concerning 299.15 and

309.15 K.

Table 6.6 Pseudo second order reaction constants

Rate constant Oe R?
289.15 K 0.00326 16.835 mg/g 0.9963
299.15 K 0.01349 20.080 mg/g 0.9977
309.15 K 0.02293 22.990 mg/g 0.9962
319.15 K 0.00404 29.760 mg/g 0.9960
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Figure 6.6 Pseudo Second Order reaction

6.3.1.3 Elovich’s equation

The Elovich equation is mostly used for heterogeneous system describing the chemisorption
process of adsorption. The rate of reaction is given by ae *4. The reaction constants were
determined by the graph of g against LN time as seen in Figure 6.7. The R? value at 309.15 K
was 0.8227 (closer to 1), which showed that at this temperature the active sites interacted

strongly with the adsorbate.
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Figure 6.7 Elovich’s kinetic model

6.3.1.4 Langmuir-Hinshelwood Kinetics
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Linear (309.15K)
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The Langmuir-Hinshelwood kinetic model is mostly used for heterogeneous reactions where

the rate of reaction is controlling factor. The reaction constants were determined by the graph

of LN Co/Ct)/ (Co - Ctagainst t/ (Co - Ct) as seen in Figure 6.8. The R? value at 309.15 K was

0,6347, which showed that at this temperature the ability to accommodate the sulfur materials

on the adsorbent surface was higher compared to other investigated temperature.

The analysis of the adsorption reaction models showed that 309.15 K had multi behaviour, and

promotes various controlling factors. Future investigations are required to understand factors

that differentiate the level of different mechanisms at 309.15 K. In general, the adsorption of

sulfur material on CBN using PPSU membrane had a pseudo second order behaviour.
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Figure 6.8 Langmuir-Hinshelwood Kinetic model

6.3.2 Adsorption Diffusion Models

Sanyangare (2016), stated that the kinetics of the adsorption process is controlled by film or
intraparticle diffusions. The adsorption diffusion models can assist in understanding the
mechanism at which the adsorbate diffuse in the adsorption system. There are several

adsorption diffusion models but the following sections are focussed on the selected models.

6.3.2.1 Linear driving force diffusion model

The Linear driving force diffusion model showed the linear behaviour of the rate of solute

accumulation in the solid phase against the change in concentration (Ag/At = kr a (Co — Ct) with
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ks, the external mass coefficient). The plotted graph can be used to determine the particle

surface area per unit particle volume (Sanyangare, 2016). Figure 6.9 showed that at 309.15 K,

the rate become linearly proportional to the change in concentration. Figures 6.9 and 6.10

showed that the R? values at 299.15 K were 0.6736 and 0.7345 for the linear and polynomial

behaviours, respectively. The R? values varied between 0.7749 and 0.7345 from the polynomial

equation with power 5 to 3. The Linear driving force diffusion model at 309.15 K showed that

the diffusion mechanism considered single adsorbate diffusion into the adsorbent system.

Therefore, multi mechanism occurs at 309.15 K as discussed for the reaction rate as controlling

factor.
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Figure 6.9 Linear driving force diffusion model
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Figure 6.10 Linear driving force diffusion behaviour (a) at 309.15K and (b) 299.15K

6.3.2.2 Film diffusion model

The external surface, which can be represented by the membrane becomes a key factor for the

diffusion process (Sanyangare 2016). The film diffusion constant was determined from the

graph of LN(1 - gi/ge) against time. As per above discussion, 309.15 K was the only temperature

that fits the linear form of the film diffusion model with R? value equal to 0.6686.
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Figure 6.11 Film diffusion model

6.3.2.3 Spahn and Schlunder film diffusion model
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The Spahn and Schlunder film diffusion model as seen in Figure 6.12, showed that at 309.15

K the film-pore diffusion mechanism controlled the adsorption process. This was confirmed

with the above diffusion film models.
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Figure 6.12 Spahn and Schlunder film diffusion model

6.3.2.4 Weber-Morris model
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The Weber-Morris model is based on the intra-particle diffusion as the controlling process. It

can be ssen from Figure 6.13 that at 309.15 K, the adsorption fits the linear form of the Weber-

Morris model with R? value equal to 0.7184.
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Figure 6.13 Weber-Morris model

Based on the R? values, It can be concluded that the removal of sulfur materials using a
polymeric membrane embedded with CBN involved various mechanisms. It was also observed
that the film and intraparticle diffusions are both controlling the removal process at 309.15 K.
Future investigations should highlight the level at each diffusion mechanism tocontrol the

adsorption process.
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6.4 Conclusion

The adsorption study kinetic models are thoroughly discussed to fit the best model for the study
of PPSU-CBN membrane system . Isotherm models were used to investigate the ability of CBN
incorporated into the membrane to adsorb sulfur molecules. The adsorption potential was found
to be higher at 299.15 K than at other temperatures. At 309.15 K, however, there was a wider
range of adsorption power. These findings established CBN's ability to monitor the removal of
sulfur-containing materials. The temperature played a role in the adsorbate's removal process
with room temperature being favoured for the interaction between adsorbent and adsorbate.
The R? value revealed a more linear adsorption isotherm for the system. The diffusion models

shown that the adsorption process was majorly controlled by film-pore diffusion model.
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7. CHAPTER SEVEN: CONCLUSION AND RECOMMENDATIONS

7.1 Conclusion

The recent regulations on sulfur emissions has motivated the academia to focus on alternative,
cost effective and efficient technologies in order to reduce emissions and improve air quality.
The membrane technology is an efficient and economical alternative to traditional
hydrodesulfurization method. The introduction and literature review chapters give an overview
of current sulfur regulations along with existing technologies. A brief description of MMMs in
desulfurization looks into the research advancements in using new materials to enhance the
efficiency with minimal time consumption and in a profitable manner. Therefore, the objectives
of this study in developing mixed matrix membranes for desulfurization is achieved by the

following:

The synthesis of h-BN to develop a new material system of C-dot doped h-BN was
investigated. The effect of Nitrogen on precursor formation and the calcination temperature on
the formation of h-BN from the precursor was studied. Two methods, CVD and HTF methods
were used to synthesize the h-BN to compare the efficient calcination method in producing
pure h-BN. The FTIR and XRD results of the produced products confirms the formation of h-
BN. CVD method at 900 °C produced better h-BN product. The calcined precursors through
HTF synthesized h-BN with impurities such as unreacted precursor. The increase in HTF and
CVD temperatures decreased the impurities in h-BN which can be confirmed from the FTIR
spectra. SEM and TEM analysis showed the microstructure of the synthesized h-BN, that
showed the crystal grain structure, the size and several layered h-BN confirming the successful

synthesis. Synthesis of C-dots through hydrothermal carbonization of chitosan produces high
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purity C-dots of less than 10nm size. The hydrothermal process introduced several functional
groups into the Carbon core, confirmed from the FTIR analysis, which can be applied in
multiple applications. The TEM analysis shows the size of C-dots to be below 10 nm in size.
These C-dots were utilized in synthesizing C-dot doped h-BN system to use as nano filler in
the membrane synthesis for sulfur removal application. A simple method adopted for CBN
synthesis was applied and FTIR, SEM and TEM analysis confirmed the successful doping of
C-dots on h-BN. C-dots have induced highly porous structure to the h-BN which increased the
adsorption ability of PPSU-CBN membranes and showed superior adsorption to PPSU-h-BN

membranes.

MMM based on PPSU polymer embedded with h-BN and CBN adsorbent materials were
developed for the desulfurization of DBT-hexane model fuel. SEM analysis of the developed
membranes indicates the porous structure forming channels that can efficiently remove sulfur
from model fuel. The FTIR analysis showed an extra peak of —OH group after PPSU
incorporated with CBN. The adsorption study for membrane desulfurization was investigated
with varying operating parameters. The results showed that the PPSU-CBN system performed
better than the PPSU-h-BN system as a result of doping C-dots onto h-BN. This proved to be
efficient as extra adsorptive sites were induced by the c-dots in PPSU-CBN membrane system.
The effect of temperature showed significant impact on the adsorption as can be seen from the
adsorption isotherms. This study has successfully synthesized CBN and developed a membrane
system with CBN that showed higher desulfurization efficiency. CBN nano particle synthesis
is a step closure to the industrial applications in desulfurization, with further research in this

field to refine and optimize the CBN synthesis process.
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7.2 Recommendation

The h-BN synthesized via both the synthesis methods produced very little product which is not
adequate for large scale industrial applications. More research into h-BN synthesis needs to be
explored to realise its full potential. The waste raw materials can be reused and explored in the
production of C-dot synthesis for energy efficiency and waste reduction. The future study on
optimization of CBN synthesis parameters would help to understand the reaction kinetics and

produce CBN in large scale.

The adsorption was performed in model fuels at laboratory scale with 3 operating parameters.
It would be better to analyse as many parameters as possible to optimize the adsorption
capacity. To resolve real world emission problems, testing the adsorptions for fuels like diesel,

gasoline etc., with the synthesized materials is essential.
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Appendix A: Development of hexagonal boron nitride (h-BN) and carbon

dot system
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Figure A.1 XRD of h-BN synthesized by HTF method calcined at 700 °C
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Figure A.2 XRD of h-BN synthesized by HTF method calcined at 800 °C
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Figure A.3 XRD of h-BN synthesized by CVD method calcined at 700 °C
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Figure A.4 XRD of h-BN synthesized by CVD calcined at 800 °C

221



Figure A.5 TEM image of h-BN calcined by HTF (800 °C)

Figure A.6 TEM image of h-BN calcined by CVD (800 °C)
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d by CVD (900 °C)
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7 TEM image of h-BN calc
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A.8 TEM image of C-dots
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Figure A.9 TEM image of CBN
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Appendix B: Development of PPSU MMM

Figure B.2 SEM image of PPSU-h-BN (0.6wt.%) membrane
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Figure B.3 SEM image of PPSU-CBN (0.6wt.%) membrane

Figure B.4 SEM image of PPSU-h-BN (0.8wt.%) membrane
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Figure B.5 SEM image of PPSU-CBN (0.8wt.%) membrane

Figure B.6 SEM image of CBN material
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Figure B.7 FTIR spectra of PPSU, PPSU-h-BN and PPSU-CBN membranes
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Appendix C: Adsorption studies

Table C.7 Sulfur removal capacity of PPSU-h-BN and PPSU-CBN membranes with

varying time
Time (min) | PPSU-h-BN | PPSU-CBN
0 0 0
30 40.2 45.2
60 45.8 52.7
90 52.1 57.2
120 55.2 60.7
150 55.6 63.8
180 55.8 63.8
240 55.8 63.9

varying amount od adsorbent material in PPSU

Table C.8 Sulfur removal capacity of PPSU-h-BN and PPSU-CBN membranes with

Amount | PPSU-h-BN | PPSU-CBN

0 0 0

0.2 38.4 44.1
0.4 46.3 54.2
0.6 49.2 58
0.8 55.6 63.8
1 58.1 65.3
1.2 59.6 65.6
14 60 66.5
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Table C.9 Sulfur removal capacity of PPSU-h-BN and PPSU-CBN membranes with

varying temperature

Temperature | PPSU-h-BN | PPSU-CBN
289.15 42.8 49.2
299.15 59.6 65.6
309.15 60.8 66.3
319.15 60.9 66.5
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