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ABSTRACT

Catalytic hydrotreatment is known worldwide as the process where concentrations of species like
nitrogen, sulfur, oxygen and various metals are reduced to acceptable levels in the refining process.
This process involves high temperatures and pressures, which results in major economic expense
to refineries. These process conditions are dependent on the nature of the petroleum feedstock to
be processed. Bitumen-derived gas oils from Athabasca oil sands can have high concentrations of
organo-sulfur (~ 4 wt.%) and nitrogen (~ 0.4 wt.%) species; thus, posing a major challenge to
downstream processing in refineries. Due to the challenge represented by these heteroatoms (S, N)
during conventional catalytic hydrotreatment, other methods that involve non-catalytic processes
using m-acceptor-immobilized adsorbents have garnered immense interest of researchers in this
field due to its low temperature and pressure requirements. Though, mixed metal oxides such as
mesoporous alumina with desirable textural properties (surface area, pore diameter and pore
volume) have the tendency to be used as adsorbent support for the immobilization of n-acceptor
moieties via a linker, their potential has been less explored. In this study, an attempt was made to
investigate the mesoporous alumina support-linker-m acceptor, charge-transfer complex (CTC)
structure for the adsorption of these heteroatoms present in the oil. This novel alumina-based
adsorbent, combined with the non-catalytic adsorption method, was effective to selectively remove
the refractory sulfur and nitrogen compounds from model feedstocks under milder conditions

(room temperature and atmospheric pressure) as compared to catalytic hydrotreatment.

The research work was divided in 3 phases. Phase 1 was focused on the synthesis and
characterization of the alumina-based adsorbents and their characterization. Three adsorbents were
synthesized using a charge- transfer complex (CTC) moiety consisting of a support, linker and =-
acceptor. Alumina was selected to be the supporting materials for its textural properties; three
different alumina- based supports were used: mesoporous alumina, titania-substituted alumina and
commercial alumina for comparison purposes. These three supports went under reaction to get a
linker, ethylenediamine (EDA) attached to them and then a macceptor, 2,7-Dinitro-9-fluorenone
(DNF). The adsorbents and supports were characterized using BET, FTIR, TGA techniques to
ascertain their physicochemical properties. The extent of w-acceptor functionalization on supports

was characterized using XRD, TGA and XPS techniques. In phase 2, the adsorbents were



examined for the desulfurization of a model oil feed with 500 ppm of sulfur. The commercial y-
Al,O3-EDA-DNF adsorbent successfully removed 90.4 wt% of sulfur. The substitution of Ti in
the framework of mesoporous Al2Oz did not promote its desulfurization efficiency. The higher
desulfurization activity of the commercial y-Al>O3 based adsorbent than that of others is attributed

to its textural properties.

Among the three adsorbents screened a commercial y-Al.O3 CTC adsorbent (Adsorbent C) showed
the highest desulfurization in a short time period. Therefore, in Phase 3, the sulfur adsorption
isotherms and kinetic were examined. The kinetics of sulfur adsorption followed a pseudo-second-
order model with the CTC adsorbents. The regeneration of used adsorbent was studied with three
different polar solvents such as chloroform, dichloromethane and carbon tetrachloride.
Dichloromethane was found to be the most suitable solvent for extracting a major part of sulfur
compounds contained in the pores of the spent adsorbent. Thermodynamic parameters such as Ea,

AG, AH and AS provided a better insight into the adsorption.
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Chapter 1 : Introduction and Thesis Outline

1.1Introduction

As the population of the world increases and the impact of industry, transportation, greenhouse
emissions and other pollutants grow, emissions from combustion of fuels are being regulated
(Yoosuk et al., 2020). Due to this situation, more effort is being put towards delivering and
meeting the energy demand while meeting environmental regulations. Current oil reserves in the
world place Canada as number 7 with most of their oil reserves contained in the Athabasca, Alberta
region (Speight, 2020). Naturally, this oil deposits are in the form of oil sands, a combination of
sand, clay, water and bitumen. That bitumen is then refine and transform in a variety of fuels;
many different processes are involved in order to achieve the quality of fuels required (Mccabe,
2020). Among the processes that are involved in the refining process, hydrotreatment is an
important one since its where impurities like sulfur, nitrogen, oxygen and aromatics are removed.
The removal of these impurities happens in presence of excess hydrogen, high temperature and
pressure (260-427°C and up to 13 MPa) using a catalyst typically CoMo/Al,O3 or NiMo/Al20s.
Sulfur removal (Hydrodesulfurization (HDS)), Nitrogen removal (Hydrodenitrogenation (HDN)),
saturation of aromatics (Hydrodearomatization (HAD HDA)) and metals removal
(Hydrodemetallation (HDM)) are some of the reactions that take place during a typical

hydrotreating process (Satterfield 1996).

HDS is the catalytic process where sulfur is removed from petroleum products; organic sulfur
species are converted to sulfur dioxide (H2S) after reacting with the excess hydrogen (Hz) present
in the system (Bu et al., 2011). The reaction for HDS is shown below, where R represents the

hydrocarbon units contained on the hydrotreatment feed.

"[R-S]" + Hp — "[R-H]" + H»S (1.1)

The concentration and nature of the sulfur organic compounds changes over the boiling range.
Thiols, sulfides and disulfides, thiophenes, benzothiophenes, dibenzothiophenes are the major
sulfur compounds present in gas oil (Song, 2003). On the other hand, nitrogen in the gas oil

1



feedstock is present predominantly as heterocyclic aromatic compounds. Non-basic (five
membered ring) and basic (six-membered ring) are the two types of aromatic nitrogen compounds
present predominantly in the Athabasca bitumen (Fu et al., 2006). The reaction for HDN is shown

below:

"[R-N]" 4+ Hy - "[R-H]" + NH, (L2)

Where R represents the hydrocarbon chains contained on the hydrotreatment feed. Some of the
nitrogen compounds present in the bitumen-derived gas oil are indole, carbazoles, indoline,
acriline and aniline (Fu et al., 2006). As it was mentioned before, the government has set the
maximum content of sulfur in fuels of 10 parts per million (ppm); concentration that will be
achieves after hydrotreating the feed (Yitzhaki et al., 1995). In order to explain the importance of
nitrogen removal an insight to the catalyst used on the hydrotreatment process is needed. A catalyst
IS a substance that in a small amount causes a large change as it increases the rate of reaction
toward equilibrium without being appreciably consumed in the process. The rate of reaction
depends on pressure, temperature, concentration of reactants and products, and other variables
(Satterfield, 1996).

However, the catalyst may undergo through some major changes in its structure and composition
as a result of its participation in the reaction. Catalysts are usually synthesized using a support with
textural properties such as high surface area, pore size and pore volume (Bu et al., 2011). They can
also used different metals to act as promoter and enhance the activity during the reaction; however,
it may lose its activity by a variety of different reasons. Poisoning is the presence of elements such
as phosphorous (P), arsenic (As), silica (Si), sodium (Na), vanadium (V), tungsten (W) and/or iron
(Fe). Another phenomenon that can occur is fouling, reduction of the active area by sintering or

migration and the loss of active species (Satterfield, 1996).

There are some challenges on processing high N and S compound concentration on gas oil, where
crude oils with more than 0.5%wt sulfur need to be treated extensively during petroleum refining.
The distillation process segregates sulfur species in higher concentrations into the higher-boiling

fractions and distillation residues. Removing sulfur from petroleum products is one of the most

2



important processes in a refinery to produce fuels compliant with environmental regulations. Basic
nitrogen compounds are particularly undesirable in crude oil fractions as they deactivate the acidic
sites on catalyst. Some nitrogen compounds are also corrosive. An alternative to prevent catalyst
deactivation are non-catalytic methods to remove the sulfur and nitrogen present in gas oil (Song
et al., 2003). Some of the materials that have been used as adsorbent and its application are shown
in Table 1.1.

Table 1.1 Adsorbents used and applications

Adsorbent Applications
Silica Gel Drying of gases, refrigerants, organic solvents, transformer oils
Desiccant in packings and double glazing ( Ziolo et al., 1995; Ullah
etal., 2013)
Activated Removal of HCI from hydrogen (Fleming et al.,1988; Ullah et al.,
Alumina 2013)
Removal of fluorine in alkylation process (Heilig 1994; Weber et al.,
1991)
Carbons Removal of SOX and NOX (Mochida et al., 2000; Sumathi et al.,
2009, 2010)

Purification of helium (Chang and Wu, 2009; Favvas et al., 2015)
Clean-up of nuclear off-gases (Munakata et al., 1999)

Zeolites Oxygen from air (Li et al., 1998)
Drying of gasses (Auerbach et al., 2003; Li et al., 2008)
Functionalized Water purification (Akelah and Sherrington, 1981; Puoci, et al.,
Polymers and 2008)
resins Recovery and purification of steroids, amino acids (Hentze and

Antonietti, 2002)
Separation of fatty acids from water and toluene (Kale et al., 2015)

Clay Treatment of edible oils (Bokade and Yadav, 2009; Richardson,
1978)
Removal of organic pigments (Espantaledn et al., 2003; Zhou et al.,
2014)

Refining of mineral oils (Vural, 2020; Wu et al., 2017)

The focus of this study will be adsorption, defined as the adhesion of molecules (adsorbates) in an
extreme thin layer to the surfaces of solid bodies (adsorbents) with which they are in contact (Baia
et al., 2017). It has also been widely used due to less operational cost, specific target and high
efficiency removing undesired compounds. The adsorption process is generally classified
as physisorption (characteristic of weak van der Waals forces and hydrogen bonding)

or chemisorption (characteristic of covalent bonding). Physical adsorption resembles



the condensation of gases to liquids and depends on the physical, or van der Waals, force of
attraction between the solid adsorbent and the adsorbate molecules. Chemical adsorption is
adsorption in which the forces involved are valence forces of the same kind as those operating in
the formation of chemical compounds (Nathan and Scobell, 2012).

The technique here proposed is charge-transfer complex (CTC) which occurs between a w-acceptor
compound functionalized with a support and t-donor compounds that can be found on the gas oil
(Macaud et al., 2004). The functionalized particles consist of support, linker and n-acceptor. The
support would bring the mesoporous surface to the linker to be attached to, using a linker could
have an effect on the selective adsorption of NBN compounds and lastly, the w-acceptor would be
the electron poor donor compounds contributing to the selective adsorption of z-donor compounds

present in the oil (Rizwan et al., 2013).

The support in an inner substance that helps spreading out an expensive catalyst onto its surface
such as Pt, it can also help stabilize the activity towards the adsorption process. It may be used in
pellet or powder form (Maity et al., 2003). Also, in a similar process are the catalyst, which are
promoted with active metals. The presence of an active metal onto the support, might improve the
textural properties of the support, leading to an increase of activity towards the adsorption process
(Wachs, 2005).

Activated alumina is a mesoporous material that has high surface area: 100 to 600 m?/g, its pore
size distribution its mesoporous in nature, it is a low cost material when compared to titania (Ti)
and it has shown thermal stability (Badoga et al., 2017). On the other hand, Ti helps in NOx
reduction emissions in hydrotreating, is more acidic than alumina, which enhances the hydrogen
sulfide (H.S) formations (affinity towards sulfur compounds). Metal oxide supports contain alkali,
alkaline and noble metals, also have been widely employed as solid catalysts; either as active
phases or supports (Wachs, 2005). Both are use for their acid-base and redox properties and

constitute the largest family of catalysts in heterogeneous catalysis.

The function of the linker is to immobilize the m-acceptor onto the mesoporous supports (Misra,
2017). Amines, hydrazines and hydroxylamine have been used as linkers and have been reported
in the literature. The linker allows the immobilization to take place on the support without
substituting an electron with-drawing group (on the support) with an electron-donor compounds,

compounds present in gas oil (Sévignon et al. 2005).

4



Previous reported studies have calculated theoretically (Milenkovic et al. 2004) and demonstrated
(Meille et al. 1998; Milenkovic et al. 1999; Sévignon et al. 2005) that symmetrical n-acceptor
compounds based on polynitrosubstituted 9-fluorenones have showed selectivity towards sulfur
compounds such as dibenzothiophenes, benzothiophenes and aromatic compounds. As mentioned
before, the sulfur compounds present in the oil contain electron rich aromatic systems; this
characteristic might enhance the affinity of the adsorbate towards the adsorbent and create an
attraction to facilitate the adsorption of the sulfur compounds. Based on the available literature,
there are many adsorbents that have been tested based on the CTC complex formation, but to the
best of our knowledge, the meso- porous alumina-based supports with the CTC complex formation
has not been reported for desulfurization. Mesoporous alumina seems to be good support as it has
a high surface area, pore diameter and pore volume for anchoring the w-acceptor. In this study,
2,7-dinitro-9- fluorenone (DNF) functionalized pristine mesoporous Al2Os, Ti-substituted
mesoporous Al>0s and commercial y-Al2O3 were prepared, characterized and evaluated in the aim
to treat a model feed for desulfurization. Afterwards, kinetic studies and thermodynamic
parameters were calculated to bring an insight into the adsorption taking place. Lastly, regeneration
and reusability of adsorbent A was tested using solvent removal method.



1.2 Knowledge gaps

1. The performance of m-acceptor functionalized particles for the adsorption of nitrogen and sulfur
compounds is limited in the literature. The synthesis of functionalized mesoporous Al,Oz and Ti-
incorporated Al2O3 supported adsorbents via m-acceptor and their application for sulfur and

nitrogen removal is limited in the literature.

2. Regenerability, optimization and kinetic studies of mesoporous Al.O3 based adsorbents are

scarce in the literature.

1.3 Hypothesis

1. Post-treatment of processed oil using non-catalytic methods may successfully remove nitrogen
and sulfur compounds, using mesoporous Al>Os support and w-acceptor may increase selectivity.

Incorporating TiO2 onto mesoporous Al>Os support would increase the adsorption capacity.

2. Optimization, kinetics and regeneration studies will determine the suitability of these adsorbents

for liquid feedstocks containing sulfur and nitrogen impurities

1.4 Research Objectives

To study the performance of n-acceptor immobilized alumina-based materials as adsorbent for the
removal of sulfur and nitrogen impurities from liquid fuels. The goal is to improve the efficiency
of hydrotreating in terms of less catalyst loading, lower reaction temperature, and severity of

hydrotreating conditions (T, P, space velocity, hydrogen/oil ratio...)

Sub-objectives:
e To investigate the effects of the proposed synthesis method and its impact on the adsorbent
properties for sulfur and nitrogen compounds present in liquid fuels.
e To study process optimizations, kinetics and long-term stability of potential adsorbent

identified in above sub-objective.



1.5 Organization of the thesis

This thesis contains 5 chapters covering detailed synthesis, characterization, experimental testing
and conclusions from all the phases of the research. Chapter 2 focuses on the literature review
starting with the Global energy consumption and oil reserves, followed by the alternative non-
catalytic methods, materials used for nitrogen and sulfur impurities adsorption. Synthesis of
mesoporous materials and Al.Oz-based materials and their adsorption performance with linker and

n-acceptor. Lastly, adsorption kinetics, thermodynamics and regeneration were further studied.

Chapter 3 presents the synthesis of alumina-based adsorbents followed by the characterization and
batch adsorption experiments performed using a diesel model feed. Chapter 4 describes the process
optimization studies, regeneration experiments, kinetic study of the adsorption process and the

thermodynamics of the process.

Chapter 5 summarizes the key findings from this work and provides recommendations for possible

future work in this area.



Chapter 2 : Literature review

This chapter discusses the review of the literature related to this research. Non-catalytic methods
have been discussed as an alternative due to its simplicity as compared to hydrotreatment. Among
many different methods, adsorption seems to be the most widely studied. However, its success
depends on finding an ideal adsorbent that can effectively remove nitrogen and sulfur species from

liquid fuels.

2.1 Global energy consumption and oil reserves

The world depends on different energy resources to function. The demand for oil started to increase
after World War 11 and correlated to the rapid growth of the world’s economy.

The main energy sources used worldwide are oil (32 %), coal (26%), gas (23%), biomass (10%),
electricity from hydro and nuclear (9%) and heat (<1%). The United States dominated the world
production until other countries started their own production. Currently, 60 % of the world’s oil
production are from mostly six countries (Yang et al., 2020).

Canada’s oil reserve is in 7™ place with 4 % of the global oil reserve (Ha et al., 2018). These
reserves are mostly contained in the oil sands in Cold Lake and Peace River regions of Northern
Alberta. Alberta’s oil sands contain around 166 billion barrels of oil (Yang et al., 2020), which by
nature contain more minerals, metals and other polluting compounds. These oil reserves are known
as oil sands due to their high concentration in sand, clay and water as compared to those present

in crude oil. It contains up to 80-85 % of sand and clay, 4-6 % of water, and 10-12% of bitumen.

Table 2.1 Feed characteristics of Bitumen derived gas oil, adapted from Yang et al., 2020.

Parameter Light Gas Heavy Gas
Oil (LGO) Oil (HGO)

Sulfur content 29000 38000
(ppm)

Nitrogen content 1700 4000
(ppm)

Three major stages are used for converting crude oil to fuels. The stages can be referred to as

separation, conversion and treating, and involve processes such as distillation, cracking, reforming



and hydrotreating just to mention a few. The Canadian government has set the sulfur content in
gasoline to be 10 ppm (Ha et al., 2018), therefore, special consideration has to be taken when
designing processes for feed with high sulfur concentration to meet the environmental regulations.
Hydrotreating is the process in which contaminants in the hydrocarbons are removed in the
presence of excess hydrogen (Hz) using high temperature (350-400°C) and pressure (5-10 MPa).
Table 2.1 shows the amount of sulfur and nitrogen compounds typically contained in LGO and
HGO feeds; sulfur content varies from 0.3-5 wt.% and nitrogen from 0.1-0.8 wt In the presence of
a catalyst, sulfur and nitrogen compounds react with H> to be removed as hydrogen sulfide (H>S)
and ammonia (NHs), respectively. The vehicular emission from fuel combustion can contribute
greatly when the sulfur species in fuels is converted to sulfur oxides after combustion; this can
ultimately lead to acid rain. Nitrogen compounds present in oil, on the other hand, also contribute
to the nitrogen oxide emissions (NOx) and causes other problems in refineries such as catalyst
deactivation, coke formation, and they can be found to be poison for acid functionality in catalysts
(Satterfield, 1996).

2.2 Alternative non-catalytic methods

Extensive research (Bu et al., 2011; Li et al., 2015; Liu et al., 2020; Misra et al., 2018; Qi et al.,
2020; Zolotareva et al., 2019) has been done over the last years in an effort to find different non-
catalytic methods other than hydrotreating. As it was mentioned before, high H> consumption,
high temperature and pressure used in hydrotreating process can be costly; thus impacting on the
cost of fuels (Li et al., 2009). Among different technologies that can be used for reducing sulfur
and nitrogen concentrations in refineries feedstock, the non-catalytic methods are gaining
significant attention. There are many advantages when using non-catalytic methods, low
temperatures and pressures are uses as compared to the conventional hydrotreating methods.
(Zolotareva et al., 2019) has recently reported lonic liquids (IL) as an effective method due to its
low temperature and pressure; they can also be more selective than some solvents such as acetone,
pyrimidinone, polyalkylene glycol, imidazolidinone, dimethyl sulfoxide and polyethylene glycol
that are found to have high volatility, flammability and toxicity (Toor et al., 2013). Bedda et al.,
2019, reported the DS of light cycle oil using extraction solvents such as acetonitrile, N-
methylpyrrolidone, and N,N-dimethylformamide. The performance of the solvent was evaluated

and it was concluded that a solvent/feed ratio from 1.0 to 2.5 has a higher sulfur removal as the



ratio increased. Acetronitile removed 53.3 ppmw%, N-methylpyrrolidone 74.8 ppmw% and N,N-
dimethylformamide removed 73.3% from the total sulfur content of initially 2157 ppmw. Table

2.2 shows different methods used with advantages and disadvantages for comparison purposes.

Table 2.2 Different methods use for desulfurization and denitrogenation of petroleum feedstock

Method Advantages Disadvantages
v Require less material. v' Large amount of
v Process can be carried at adsorbents needed for
Adsorption room temperatura. industrial aplications.
(Mckav and Ireland, 1985; v Control of the properties v Regenerability needs to be
Misra et al., 2015a; and surfaces. studied.
Sampanthar et al., 2006) v" Solid applications.
v Non-catalytic method
v Liquid and gas applications. v Extensive areas of liquid
v Not necessarily require surfaces in contact with
Absorption elevated pressure. gas phases.
(Li et al., 2009; Wachs, v Conversion of a hazardous v Not enough information
2005) chemical to a safe for further comparison.
compound.
Ultrasound assisted v' Efficient desulfurization v Only focus on sulfur
oxidative desulfurization method compounds.
(Liu et al., 2020; Zolotareva v' Complements the HDS v" Widely study in the
etal., 2019) process. industry

Based on the literature review, adsorption was found to be a more suitable method for the removal
of sulfur and nitrogen compounds from liquid fuels. Several adsorbents have been reported in the
literature, most of them are described in the following.

2.3 Materials used for nitrogen and sulfur impurities adsorption

The aim of this section is to provide an extensive literature review on what has been done on the
adsorption of nitrogen and sulfur compounds from liquid fuels. Many different materials have been
used as adsorbents, such as zeolites, activated carbon, silica, alumina, ion exchange resins, titania

nanotubes just to mentioned a few. Based on the characteristics of the materials, alumina was
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found as the more suitable adsorbent support, having a relatively high surface area from 100 to
600 m?/g, being mesoporous in nature, thermally stable and having a relatively low cost compared
to titania, which has shown to have high efficiency for nitrogen and sulfur removal (Badoga et al.,
2017; Maity et al., 2003).

Some of the different materials used as adsorbents are mentioned in Table 2.3. Many different
adsorbents and feed materials have been tested, however, there is limited information on the
adsorption of sulfur and nitrogen compounds from model and real oil fractions using alumina-

based adsorbents.

Table 2.3 VVarious materials used as adsorbents for the removal of nitrogen and sulfur of
petroleum feed.

Adsorption
capacity (mg  Temperature N
Method Feedstock SN /g (°C) Highlights Reference
adsorbent)
Real diesel-
. 398 ppmw (S) Polycyclic
Activated Model diesel 77mg/g, 88 25, 30, 75 aromatics and (Buetal,
carbon mg/g 2011)
— 400 ppmw sulfur removal
(S) |
lon Model feed Not stated. Effectl_ve for

. basic nitrogen  (Yang et al.,

exchange (benzene and Reduction of 120 species 2004)

resins thiophene) 97% of sulfur P
removal
Gasoline- 335 Effective (Hernandez-
Copper ppmw (S) 8.89 and 13.12 adsorption for  Maldonado
! . mg S/g 23

zeolites Diesel- 430 adsorbent sulfur and Yang,

ppmw (S) compounds 2003)

Adsorption of

Titania . : (Rendon-
based Model diesel 146 mg S/ g 20 nitrogen and Rivera et al..
blends adsorbent sulfur
nanotubes 2016)

compounds

Baia et al. 2017, studied the adsorption of sulfur and nitrogen compounds contained in a straight

run diesel feedstock using three different types of clay, designated as A, B and C. Their study
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included kinetic and isotherm experiments. A commercial alumina was used for comparison
purposes due to its properties of adsorbing many different substances. The textural properties of
the alumina and clays are shown in Table 2.4. Straight run diesel was used as a feed with a
composition of 3906 mg kg* of sulfur and 522 mg kg™ of nitrogen. Kinetic tests were performed
in a Dubnoff reciprocal shaking bath, using a shaking frequency of 150 rpm at 40°C. Seven flasks
containing 10 mL of diesel and 2 g of adsorbent were used and samples at 10, 30, 60, 120, 180,

240 and 300 minutes were analyzed.

Table 2.4 Textural properties of the materials. Adapted from Baia et al., 2017.

Pore volume (cm3 g-1)

Sample Specific area Mesoporous Microporous Pore
(m? g1) diameter
(nm)
Alumina 357 0.34 0.02 5
Clay A 95 0.45 0.01 22
Clay B 198 0.21 0.01 6
Clay C 273 0.30 0.02 9

During the adsorption experiments, it was observed that the rate of adsorption was high during the
first 10 minutes, thereafter, it decreased. This was attributed to the large number of pores that are
available at the beginning of the process as compared to those available after a determined period
of time. By measuring the solution concentration at the equilibrium point, the authors noted that
the adsorption process in the liquid phase involved a competition between the solvent and the

solute.

As we can see from Table 2.5, Clay B showed better performance than the other materials in both,
nitrogen and sulfur adsorption capacities. This can be attributed to the presence of Brenstead acids
and higher specific surface area than the other materials. In addition, Clay B and Clay C showed
different adsorption steps for both sulfur and nitrogen compounds, this particular characteristic can
be noticed on their respective adsorption-desorption isotherms. In another study carried by Sano
et. al. (Sano et al., 2004), where the surface area of various activated carbons was the selection
criteria for its expected performance, straight run gas oil (SRGO) was fed into a tube containing

activated carbons and activated fibers. Among the materials that were used for these experiments,
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MAXSORB-II showed the largest adsorption capacity for nitrogen species in gas oil. Even though
MAXSORB-II and MAXSORB-III both showed equally large surface areas (> 2000 m?/g) which
is considered a key characteristic for adsorption capacity, MAXSORB-I11 had a better performance
(Sano et al., 2004).

Table 2.5 Adsorption capacities of alumina and clays towards nitrogen and sulfur compounds
based on Model 1: First Order

Adsorbent ge, cal (mol-kg-1) nitrogen ge, cal (mol-kg-1) sulfur
Alumina 0.058 0.059
Clay A 0.074 0.018
Clay B 0.125 0.174
Clay C 0.116 0.126

Other materials, such as zeolites have been used as adsorbents as well with a n-complexation
structure (Yang et al., 2001). Yang and co-workers reported the adsorption process took place in
a fixed-bed reactor operated at ambient temperature and pressure. This chemical complexation has
been barely utilized. Even though there are some studies in the literature that mention this model,
few of them have achieved remarkable removal of nitrogen and sulfur compounds. Added to the
n-complexation characteristic of this material, during the adsorption process, a thin layer of AC
was used and showed that it can significantly increase the sulfur adsorption capacities of the m-
complexation sorbent. This copper-based zeolite is highly hydrophilic but no other properties of
this particular zeolite are mentioned. However, the fixed-bed adsorption results showed that the

sulfur contents of those commercial fuels used (gasoline and diesel) were drastically decreased.

In a different study by Santos et al. (Santos et al., 2012), diesel was used as feed for an adsorption
pre-treatment with the aim to remove nitrogen and sulfur compounds. Commercial silica-alumina
samples were calcined and then impregnated with various mixed metal oxides such as cerium,
nickel and molybdenum. The commercial name of the silica-alumina material is SIRAL 40 and is
composed by 60:40 Al>Os/SiO2 mass ratio. First, this material was calcined under atmospheric
pressure for 4 h at 823 K. Then, aqueous solutions containing the metal oxides were prepared for
wet impregnation of the parent material with Ni (NO3)3-6H.0, (NH4)6M07024-4H20 or Ce
(NO3)3:6H20. The concentration was aimed to be 0.17 mol of metal per 100 g of adsorbent, this
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wet impregnation was carried out in a rotary evaporator at 353 K for 5 h. Finally, the material was
dried and calcined once more. For the adsorption experiments, 10 mL of the commercial diesel
containing 229 mg of total sulfur and 196 mg of total nitrogen per kg of diesel were mixed with
the adsorbent in different weights. Using 0.50 g, 0.75 g, 1.00 g, 1.50 g, 2.00 g and 2.50 g at 313 K
under stirring, the temperature was raised after 45 minutes to 343 K and kept constant for 45
minutes and then it was cool down. After this pre-treatment, the adsorption experiments were

carried out for 7 h.

The increase on the adsorption capacity per area of the materials can be attributed to the
incorporation of metal oxides. Molybdenum species showed the best performance, however a
reduction in the specific surface area was observed. An increase on the adsorption capacity was
not observed on a mass basis; therefore, it can be assume that incorporating molybdenum is

promising as long as there is a control on the loss of the surface area of the material.

Another type of material that has been studied for pre-treating oil feed are titania nanotubes.
Rendon-Rivera et al., 2016, used TiO2 nanoparticles and TiO2 nanotubes as adsorbents to study
their selective adsorption properties on liquid phase with sulfur and nitrogen organic compounds.
Using dibenzothiophenes (DBT), 4, 6-dimethyl DBT (4, 6-DMDBT), pyrrole and quinoline which
are compounds that represent some of those ones contained in diesel fuels. Model diesel blends
and these compounds were mixed to emulate a real diesel blend. Adsorption isotherms for the
compounds were determined at ambient temperature and pressure and fitted into Langmuir or
Tempkin models. To establish the influence of TiO2 nanoparticles transformation into nanotubes,
the commercial version of this material was used as the reference adsorbent. For the batch
adsorption experiments, four different model diesel fuels (MDF) were prepared. The adsorption
was carried out in a batch system at room temperature (20°C) at atmospheric pressure. TiO2 was
added in different quantities but keeping the model diesel fuels volume constant, then, the mixtures
were shaken using a magnetic stirrer to reach the equilibrium phase (typically, 0.5 h). After that,
some liquid was extracted, it was passed through PTFE syringe filters and it was stored in vials.
The fixed bed adsorption experiments were carried out at ambient conditions as well, using titanate
nanotubes or anatase as particles and only two of the MDF. A gas column was packed with 2 g of
adsorbent of between 80-100 mesh and placed in a special furnace. The materials were heated to
300°C prior to adsorption experiments for 3 h in the presence of nitrogen as a pretreatment. After
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this, the adsorbent was allowed to cool down to room temperature and then hexane was used to

remove any entrapped gas.

In addition, another study from the same group were another type of zeolites, Cu-Y and Ag-Y, as
selective sorbents for the desulfurization of liquid fuels (Li et al., 2009). Compared to Na-Y, which
is one of the sorbents presented in the previous study Takahashi et al., 2002, Cu*-Y was prepared
by ion exchange zeolites with Na-Y, followed by reduction, the same process described in their
previous paper (Munakata et al., 1999). Molecular orbital computational technique was used to
determine the details on the materials. The bonding energies of the materials were calculated based

on the following equation:

Eads = Eadsorbate + Eadsorbent - Eadsorbent—adsorbate (2-1)

Where Eadsorbate 1S the total energy of thiophene; Eadsorbent iS the total energy of the bare adsorbent
and Eadsorbent-adsorbate 1S the total energy of the adsorbate/adsorbent system. E is measured in
kcal/mol. Isotherms of benzenes and thiophene on Ag-Y and Cu-Y were fitted by the Langmuir-
Freundlich isotherms and then compared. These sorbents showed more adsorption capacity
towards thiophene and benzene than Na-Y at lower pressures than 10 atm and nearly the same
amounts at high partial pressures. Even though, the paper states that this is due to the =-
complexation with Ag and Cu, further research was done to confirm these theoretical findings. In
order to understand the strengths of this complexation between Ag and Cu. The neutron activation
analyses of the sorbent samples showed that the Ag exchange was 100% but the Cu exchange was
23%. On a per-cation basis, the =-complexation with Cu was stronger than the one with Ag. Results
showed that 0.92 thiophene molecule per Cu was obtained at 2X10° atm at 120°C, whereas only

0.42 thiophene molecule/Ag was obtained.

Hernandez-Maldonado et al., 2003, studied the desulfurization of commercial liquid fuels by 7-
complexation with Cu(l)-Y Zeolite. The experimental section was developed in a fixed bed
adsorber operated at ambient temperature and pressure, and the results yield to a concentration of
below the limit of detection of the instrument used, Flame photometric detection (FPD). As

mentioned in the previous papers by Takahashi et al., 2002, and Yang et al., 2001, molecular orbital
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calculations have shown that the m-complexation bonds between Ag or Cu and thiophene are
stronger than those ones with benzene, this sorbents are suitable for a selective desulfurization of
transport fuels. The procedure was the same as previous sorbents, initially the adsorbents were
loaded inside the adsorber and heated in presence of helium, and then a sulfur freed hydrocarbon
feed was passes through the sorbent at a rate of 0.5 cm®/min. From this paper there is only so little
that can be discussed. Most of the key findings have already been mentioned in the two previous
papers; however, they also conducted a study with a guard bed reactor. When used, Cu(l)-Y
showed higher adsorption capacities at both, breakthrough and saturation points.

Velu et al. 2002, conducted a study using zeolites on the selective adsorption for removing sulfur
(SARS). The aim of this study was to explore some selective-zeolite based materials for removing
organic sulfur compounds from transportation fuels. In this research, commercial zeolites were
ion-exchanged with transition metal ions using three to five time the excess amount of a
concentration of 0.1 M metal nitrates at 80°C for 24 h. After this, the suspension was filtered,
washed with deionized water and dried at 80°C overnight and then calcined at 450°C for 6 h in air
atmosphere. After the preparation of these materials, adsorption took place in a batch reactor using
JP-8 jet fuel as the feed. In a 100 mL round bottom flask, 1 g of ion-exchange zeolite and 6 g of
feed were stirred at 80°C for 4-5 h. The treated jet fuel was then separated from the adsorbent and
analyzed by a GC equipped with a pulsed flame photometric detector (PFPD) using
dibenzothiophenes as a standard. The study showed that those zeolites ion-exchanged with Cerium
and Palladium, CeY-Zeolite and PdY-Zeolite respectively, removed the highest amount of sulfur,
60 and 58 wt.%, respectively. The species that were found in the untreated jet fuel were 2, 3-
DMBT and 2, 3, 7-TMBT. The sulfur concentration of the feed was around 736 ppm and higher
selectivity for the adsorption of 2, 3-DMBT.

2.4 Synthesis of mesoporous materials

In a different study by Silveira et al. 2015, the influence of nickel, cerium, molybdenum and cobalt
oxides impregnated on silica-alumina was evaluated for removing nitrogen and sulphur
compounds from a hydrotreated fuel stream. Silica-alumina with 40 wt. % of SiO, was used as a
support for the materials used in this study. This support was calcined at 550°C for 4 h before it
was used to confirm the presence of metal oxides. The material was sieved to a particle size range

of +100 to 325 mesh. The addition of nickel, cerium, molybdenum and cobalt was carried out by
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wet impregnation method resulting on a 2.5 wt. % present in the silica-alumina support. Adsorption
experiments were carried out in a 1:20 adsorbent to fuel ratio kept at 40°C for 45 minutes under
stirring at 150 rpm. Then the temperature was raised up to 70°C and kept for 45 minutes, and then
the temperature was reduced to room temperature and maintained for 15 hours. Specific surface
area and pore volume are fundamental characteristics that help in the explanation of the adsorption
performance. This study concluded that the addition of metal oxides can decrease the surface area
up to 25%.

As shown in Table 2.6, an approximate of 25% of the support area was lost after the wet
impregnation of metal oxides; however, there was not a significant reduction in the mesoporous
volume. The adsorption performance of these materials was measured by mmol of sulfur or
nitrogen removed per adsorbent area, where molybdenum was better than the other metal oxides.
In this particular case, a higher percentage of nitrogen was removed than that of sulfur. Several
alumina synthesis methods are available in the literature (Alphonse and Faure, 2013a, 2013b;
Badoga et al., 2015; Khodabandeh and Davis, 2014; Niesz et al., 2005; Yuan et al., 2008). The
general synthesis is based on a sol-gel process associated with a non-ionic block copolymer as
templates using ethanol as a solvent (Yuan et al., 2008). These mesoporous aluminas have large
surface areas (around 400 m?/g), pore volumes (around 0.70 cm®/g) and narrow pore size
distributions. Compared to silica, alumina is more used in the petroleum sector as catalysts

supports.

Table 2.6 Textural properties of the adsorbents. Adapted from Silveira et al.,2015.

Specific surface area Mesoporous volume
Adsorbent P P

(m?/g) (cm3/g)
Silica-alumina 451 0.84
Silica-alumina Mo 329 0.79
Silica-alumina Ce 328 0.80
Silica-alumina Ni 352 0.80
Silica-alumina Co 341 0.80

Non-siliceous materials used surfactants as structure-directing agents (SDAS) or by using the nano-
casting method. According in previous reports (Alphonse and Faure, 2013a; Niesz et al., 2005),
the hydrolysis behavior of alumina is very complicated and it is significantly affected by acid,

water, temperature, humidity and other factors giving arise to different conditions for ordered
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mesoporous aluminas. Among the different Al precursors, the most commonly used is the
aluminum isopropoxide. Different acids such as HNO3z and HCI are also added as the pH adjustors
for the hydrolysis of the precursors. The use of a polymer as a surfactant combined with an acid
has shown that large surface area alumina supports can be developed. Surfactants such as P-123
and F-127 were tested using different acid molar ratios. Narrow pore size distributions are obtained
whereas after calcination they tend to decrease to some extent. These supports have shown high
thermal stability up to 1000 °C. These three characteristics combined, result in enhancing the
potential of these mesoporous alumina and their applications. Also, Niesz et al., 2005, reported a
different synthesis method, that applies the same concept as Yuan et al. 2008. This material has a
similar arrangement of that of SBA-15, known as one of the groups of ordered mesoporous silica
materials. During this synthesis, two solutions were prepared, one containing the surfactant (P-
123) in a solvent (ethanol), and the second one containing the alumina precursor (aluminum tri-
tert-butoxide) and the acid (HCI). This mixture was left for aging at 75°C for 4.5 days, followed
by vacuum drying at 70°C for 12 h prior to calcination at 600°C for 5 h. Hydrolysis steps is the
key to achieving mesoporous morphology of the material. Also, using small amounts of water and
acid showed that this hydrolysis process slows down, so the right amount of water and acid is
crucial for this process to happen in a control rate and hence the formation of the mesoporous
structure of the material. The BET surface areas resulting from this process are shown in Table
2.7.

Table 2.7 Characteristics of the mesoporous alumina samples. Adapted from Alphonse et al.,
2013.

BET surface area

Sample names Pore volume (cm®/g)  Pore diameter (A)

(m?/g)
MP-AI203 22 206 0.44 39-150
MP-AI203 6° 410 0.80 67
MP-AI203 122 349 0.62 39-90

2 the numbers in the samples stand for the [H20]:[AI203] ratios.

Considering that surface characteristics of the supporting material are key for the adsorption
performance, many different researchers have tried to develop a synthesis method that results in

having large surface area, large pore volume and tunable pore size distribution. For instance,
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Alphonse et al., 2013, synthesized alumina-based materials with the above mentioned
characteristics by adding triblock copolymers. In the procedure, 185 mL of hot water (85°C) was
added fast to 25.3 g of aluminum-tri-sec-butoxide, under vigorous stirring. After the aluminum
was dissolved into the water, 0.474 mL of nitric acid (HNOs, 68%) was added and kept for stirring
at 85°C for 24 h. As a last synthesis step, an additive was incorporated to the mixture and kept for
stirring at room temperature during 24 h and the material was calcined at 500°C for 24 h. Since
this particular study incorporated different additives and nitrates, there was a wide range of surface
areas and pore volumes varying from 354-501 m?/g and 1.53-2.63 cm®/g. Also, Gonz and Sastre
2001 obtained samples of mesoporous aluminas with a similar synthesis procedure. In their study,
non-ionic surfactants were used in different ratios and the alumina source was aluminum sec-
butoxide. First, the surfactant was dissolved in sec-butanol and aluminum sec-butoxide. Then, a
solution containing water, dipropylamine and half of the required sec-butanol were added. The
resulting mixture was stirred for 3 h, and then cooled to room temperature. After this, the sol-gel
solution was filtered, washed with ethanol and dried at 40°C for two days. The dried gel was heated
at 95°C for 6 h. The surfactant was removed by Soxhlet extraction with ethanol for 15 h prior to
drying of the solid at 40°C for 2 days followed by calcination. The obtained materials had large
surface area varying from 229 to 534 m?/g, due to different calcination temperatures. It was
observed that the lower the calcination temperature (550°C), the higher the surface area. This was
not the case for the pore volume, which showed little relationship with calcination temperatures.
The methodology for this research will aim to obtain a novel material to use for the adsorption of

nitrogen and sulfur species from bitumen derived gas oil.

As alumina has been a widely studied (Biswas et al., 2011; Tursiloadi et al., 2004) support material
for catalysts, so has other metal oxides incorporated in alumina (Badoga et al., 2017; Maity et al.,
2006; Vosoughi et al., 2017). Studies (Badoga et al., 2014; Guevara et al., 2008; Herbert et al.,
2005; Silva et al., 2015) have shown that addition of other metals such as TiO have increased the
activity around 3-5 times in hydrodesulfurization (HDS) process. So, in the aim to experiment with
different approaches than the ones available in the literature, a mixed metal oxide will be used as
support for the adsorbents in this study. There are certain characteristics that the support and the
metal oxide need to have, such as, active metal dispersion, metal-support interaction and the
textural properties shown by the support material (Badoga et al., 2014). Based on a study by
Badoga et al., 2014, 10 wt. % TiO2, Zr and Sn were supported on Al>Oz for a catalytic reaction.
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Even though this study is not adsorption based, the synthesis of the materials was the focus of
attention due to the material properties. In Table 2.8, the textural properties of some of the

materials synthesized on this research are shown.

Table 2.8 Textural properties from various Al2O3 supported materials. Adapted from Badoga et
al. 2014.

BET surface area,

Material melg Pore volume, cm?®/g  Pore diameter, nm
Y-AlO3 275 0.80 7.6
Mesoporous Al20s3 320 0.57 5.8
TiO2- Al203 480 0.86 5.2

Taking into consideration that surface characteristics of the supporting material are key for the
adsorption performance, many different researchers have tried to develop a synthesizing method
that results in having large surface area, large pore volume and tunable pore size distribution. One
of many synthesis methods available in the literature is from Alphonse and Faure, 2013. In their
work alumina based materials with the above mentioned characteristics where synthesized by
adding triblock copolymers. In the procedure, 185 mL of hot water (85°C) were added fast to 25.3
g of aluminum-tri-sec-butoxide, under vigorous stirring. After the aluminum source was dissolved
into the water, 0.474 mL of nitric acid (HNOs, 68%) were added and kept for stirring at 85°C for
24 h. As a last synthesis step, an additive was incorporated to the mixture and the resulting mixture
was stirred at room temperature for 24 h; the material was then calcined at 500°C for 24 h. Since
this particular study incorporated different additives and nitrates, there was a wide range of surface
areas and pore volumes, ranging from 354-501 m?/g and 1.53-2.63 cm®/g, respectively.

Also, Gonz and Sastre 2001, obtained samples of mesoporous aluminas with a similar synthesis
procedure. In this study, non-ionic surfactants were used in different ratios and the alumina source
was aluminum sec-butoxide. First, the surfactant was dissolved in sec-butanol and aluminum sec-
butoxide. Then, a solution containing water, dipropylamine and half of the required sec-butanol
were added. The resulting mixture was stirred for 3 h and then cooled down for 24 h at room
temperature. After this, the sol-gel solution was filtered, wash with ethanol and dried at 40°C for

two days. After this, the dried gel was heated at 95°C for 6 h in an open propylene bottle; the
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surfactant was removed by Soxhlet extraction with ethanol for 15 h. then, this solid was dried for
48 h at 40°C prior to calcination for 4 h at 550°C. Part of this material was calcined a second time
in an air oven at 600 and 700°C for 3 h. The resulting materials had large surface areas ranging
from 229 to 534 m?/g; this is considering the different temperatures the samples were calcined. It
was observed that the lower the calcination temperature (550°C), the higher the surface area. This
was not the case for the pore volume, which showed little relation to the different calcination
temperatures. Another alumina synthesis procedure performed by Khodabandeh and Davis, 2014,
even though the application was for an alumina catalyst, the material preparation is not that
different from the previous ones already discussed. Aluminum sec-butoxide (1 g) was hydrolyzed
in water (15.10 g), followed by stirring for 1 h. A solution of sodium dodecylbenzenesulfonate
(0.49 g) in formamide (5.05 g) was added to the mixture. It was aged for 5 min and then heated at
110°C for 48 h. The solid was recovered by filtration, washed with deionized water and then dried
at room temperature. Several alumina precursors are used and based on their molecular
composition the correspondent materials for the procedure are calculated. Only the support
preparation and characterization will be discussed. The support properties are not thoroughly
discussed in this paper, however, the preparation method is not that much different from the ones
available in the literature (Alphonse and Faure, 2013a; Khodabandeh and Davis, 2014). According
to the authors, performing the synthesis with different ethanol/formamide/water solvents and
ethanol/water showed that it plays an important role for the material to have good surface
properties. However, other factors like synthesis time and temperature may also affect the final

properties of this one.

Niesz et al., 2005, reported a synthesis method for ordered mesoporous alumina using different
templates as structure directing agents. Even though several papers have been published regarding
the use of templates, until 2005, none of them was about the synthesis of ordered mesoporous
alumina. The paper here discussed presents a reproducible method for synthesizing mesoporous
alumina with an SBA-15-like arrangement of ordered channels, high surface area and narrow pore
size distribution. As a surfactant, Pluronic P123 was used, 1 g was dissolved in 12 ml of ethanol
and stirred for 15 minutes at 40°C, and this was named solution A. At the same time, solution B
was prepared with different amounts of hydrochloric acid (37 wt. %) and 6 mL of ethanol. Then,

2.46 g of aluminum tri-sec-butoxide was added to solution B slowly under vigorous stirring, the
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two solutions were mixed together and continued to be stirred at 40°C. This homogeneous solution

was then left for aging in a Teflon container for three days at 40°C under N2 flow.

2.4.1 Al203-based materials syntheses and adsorption performance with linker and -
acceptor

The technique here suggested, the support + linker + m-acceptor, is the formation of a charge
transfer complex (CTC), which occurs between a m-acceptor compound (immobilized on a
support) and n-donor compounds (that can be found in the gas oil). These could be basic nitrogen
(BN) and non-basic nitrogen (NBN) compounds. The support would provide the porous surface
for the attachment of the linker. The contribution of the linker (linear diamines) to the adsorbent
system will be dependent on the length of the amine, which could potentially influence the
selective adsorption of the NBN compounds. In this regard, the CTC formation could be affected
by how far the w-acceptor is extended from the support. The length on this linker may be the factor
that allows more interaction between the adsorbent and adsorbate (Chitanda et al., 2015). In this
study three different linkers where tested. Using a polymeric support, polyglycidyl methacrylate
(PGMA), followed by linker and then the m-acceptor compounds, four different materials were
synthesized. The results showed that the length of the linker had little to no effect on the loading
during the adsorption experiments. The adsorbent that showed a better performance compared to
the others was that one with diaminopropane as linker, followed by diaminobutane. There was no

significant difference between the other two adsorbents reported in the paper (Abedi et al., 2015).

The n-acceptor characteristic is present among several nitrogen compounds, these compounds are
electron poor due to the withdrawing of an electron caused by the nitro groups; therefore, these
compounds can act as w-acceptors. This is relevant due to the affinity or selectivity they can have
towards non basic nitrogen compounds, that are known to have a lone pair of electrons in their
nitrogen atoms localized in the aromatic system (Abedi et al., 2015). In contrast, the basic nitrogen
compounds have the lone pair of electron located on the nitrogen atom. Hence, these w-acceptor
compounds are major contributors to enhancing the adsorbents selectivity towards nitrogen
compound (both basic and non-basic). Compounds with characteristics to act as m-acceptors
include 2, 4, 7-trinitro-9-fluorenone (TriNF) and 2, 4, 5, 7-tetranitro-9-fluorenone (TENF); hence
there in different adsorbent materials for desulfurization and denitrogenation reactions. Attention

has been brought to metal oxides, particularly alumina, which is going to be used in this research
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as the support material for the adsorbents to be developed. Many different synthesis methods of
alumina supports have been developed. Abedi et al., 2016, modified alumina support with P-
toluene sulfonic acid powder, linker and -acceptor compounds dissolved in dioxane. The resulting
alumina-polyglycidyl methacrylate-co-ethylene glycol dimethacrylate polymer (AI-PGMA-DAP-
TENF) and its alumina-free derivative (PGMA-DAP-TENF) were synthesized, characterized and
evaluated for the sulfur and nitrogen removal performances. FT-IR spectra show that the
characteristics peaks of C-O and C=0 groups are both represented, as well as the attachment of
the m- acceptor by the appearance of stretching frequencies at 1361cm-1. Alumina particles were
stable between 30°C to 800°C as confirmed by TGA technique. AI-PGMA-DAP-TENF particles
were decomposed at lower temperature and the amount of residue after 800 °C was lower than that
in case of AI-PGMA, which indicates a successful grafting and the formation of a new compound.
The performance of AI-PGMA- DAP-TENF was found to be superior to that of PGMA-DAP-
TENF as it removed about twice as much nitrogen compounds as other polymers did in LGO, and
HGO feeds. Both polymers removed more sulfur compounds in HGO feed than in LGO feed. This
is due to the high sulfur content of HGO as compared to that of LGO feed (Misra et al., 2015a).

Based on these properties, mesoporous Al2Oz and TiO2- Al2O3 synthesis were explored. As a
reference is commercial y- AloOs which properties can compete to the ones of the materials

synthesized.

2.5 Adsorption kinetics and thermodynamics

To test and prove the capacity of an adsorbent, adsorption capacity is calculated. In the adsorption
process, the liquid (adsorbate) is exposed to the solid phase (adsorbent) and the distribution of
adsorbate-adsorbent depends on the affinity of the adsorbent towards the adsorbate. Adsorption
capacity is the amount of adsorbate that the adsorbent takes per unit mass of the adsorbent; usually
mg/g (El Qada et al., 2006). This adsorption equilibrium capacity is achieved when the rate the
molecules attached onto the adsorbent are equal to the rate at which they desorb from it (McKay
et al., 1985). Along with the adsorption capacity, adsorption isotherms are often determined in
order to study the adsorption performance of an adsorbent (Lin et al., 2007). Establishing
equilibrium is key to compare the adsorbent behavior for different adsorption systems
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quantitatively; this parameter helps to design the adsorption system and calculate other adsorption

parameters.

Kinetic models provide insight to adsorption using equations to fit experimental behavior (Lin and
Wang, 2009). Fitting the kinetic data and discuss the possible mechanisms of adsorption based on
the model parameters are the best way to provide insight into the adsorption process (Pan and
Xing, 2010).

Furthermore, thermodynamic parameters may also provide an insight into the type of adsorption
taking place. Activation energy (Ea) can be calculated to determine if the adsorption process is a
diffused-controlled process (physical adsorption) or a chemical adsorption (Sismanoglu and Pura,
2001). To calculate E,, the rate constant parameter ko for pseudo-secondo order model widely used
to describe adsorptive behavior in different materials can be applied to the Arrhenius equation
(Chiou and Li, 2002; Foo and Hameed, 2010; Sismanoglu and Pura, 2001; Tang et al., 2012). In
addition, more thermodynamic parameters can be calculated based on the adsorption experiments
such as Gibbs energy, enthalpy and entropy, also reported to be calculated for adsorption systems
(Foo and Hameed, 2010; Schirmer, 1999; Tang et al., 2012; Zhang et al., 2017).

2.6 Regeneration and reusability

Among materials used as adsorbents, regeneration studies have been studied using mostly two
common methods: thermal treatment and solvent extraction (Almarri et al., 2009; Fei et al., 2017,
Shan et al., 2008; Yoosuk et al., 2020). Reusability of the material is important as it can provide
information for the industrial application of the process. Considering that in this work, we are
studying a charge-transfer complex (CTC) adsorbent, the m-acceptor characteristic becomes a
factor when selecting the solvents to use for regeneration. Ideally, an electron donor type of solvent
should be used since its polarity can successfully clean the pores of the adsorbent (Misra et al.,
2018); the remaining solvent in the adsorbent can be removed afterwards.
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Chapter 3 : Synthesis, characterization and batch adsorption experiments

A similar version of this chapter has been published as a research article:

Botana de la Cruz, Anakaren, Philip Boahene, Sundaramurthy Vedachalam, Ajay K. Dalai, and
John Adjaye. 2020. “Adsorptive Desulfurization through Charge-Transfer Complex Using
Mesoporous Adsorbents.” Fuel 269, 117379.

Contribution of the MSc candidate:

Adsorbent synthesis, characterization, testing of the materials and data analysis was done by
Anakaren Botana de la Cruz. Anakaren Botana de la Cruz and Dr. Misra Prachee designed
synthesis method; adsorption experiments and set-up were designed by Anakaren Botana de la
Cruz. Anakaren Botana de la Cruz with suggestions and reviews from Drs. Ajay Dalai, Philip

Boahene and Sundaramurthy Vendachalam did all the manuscript writing and revision work.

Contribution of this chapter in the overall MSc. Work:
This part of the research work was focused on the synthesis of the functionalized adsorbents,

characterization and adsorption of sulfur model feed of the materials here developed.

3.1 Abstract

Mesoporous supports with a m-acceptor were developed for adsorptive desulfurization of
petroleum distillates. Pristine mesoporous Al20s and Ti-substituted mesoporous Al.Oz were
synthesized and used as supports along with commercial y- Al2Os for immobilizing
ethylenediamine (EDA) linker followed by the m-acceptor, 2, 7- Dinitro-9-fluorenone (DNF). The
adsorbents and supports were characterized using BET, FTIR, TGA techniques to ascertain their
physicochemical properties. The extent of =m-acceptor functionalization on supports was
characterized using XRD, TGA and XPS techniques. Adsorbents were examined for the
desulfurization of a model oil feed with 500 ppm of sulfur. The commercial y- Al.O3-EDA-DNF
adsorbent successfully removed 90.4 wt% of sulfur. The substitution of Ti in the framework of

mesoporous Al>O3 did not promote its desulfurization efficiency. The higher desulfurization
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activity of the commercial y- Al,Os based adsorbent than that of others is attributed to its textural

properties.

3.2 Introduction

Refineries perform hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) of petroleum
feedstock using NiMo/y- Al203 and CoMo/y- Al2O3 catalysts at the temperatures and pressures
ranges of 360-420°C and 8 to 9 MPa with excess supply of hydrogen for the removal of sulfur and
nitrogen species. The conventional HDS process is ineffective for the removal of refractory sulfur
compounds such as dibenzothiophenes and alkyl substituted dibenzothiophenes. Typically, 96-
98% of HDS activity is obtained by using the conventional hydrotreating technology; however,
the remaining 2-4% sulfur removal is difficult to achieve due to the presence of refractory sulfur
species (Lemaire et al., 2002). In addition, the refractory sulfur compounds are responsible for
catalyst deactivation and poisoning (Jayaraman et al., 2006). Tremendous efforts have been made
to improve the HDS process for desulfurization of refractory compounds by altering the process
parameters including temperature, pressure, and liquid hourly space velocity. Feed quality, which
is one of the three major factors in hydrotreating process efficiency, depends on the origin and
nature of crude oil. Heavy gas oil derived from Canadian oil sands contains about 4 wt.% sulfur
as compared to ~ 2.5 wt.% sulfur present in the oil shell formations. Canadian government limited
the sulfur content of gasoline and diesel to 14 and 15 ppm, respectively for the on-road vehicles
(www.canada.ca). The refractory sulfur compounds present in heavy gas oil should be desulfurized
to get ultra-low sulfur fuels that are required to comply with the regulations. The production of
ultra-low sulfur fuels by HDS requires a higher reactor temperature, pressure, as well as an
increased hydrogen rate. As the severe HDS increases fuel production costs, refineries are
developing and testing new HDS catalyst formulations by changing the active metals, promoters
and catalyst supports to reduce the cost of deep-desulfurization.

Highly efficient desulfurization technologies are required for the selective removal of refractory
sulfur compounds. Extensive research was performed in the area of alternate technologies
including oxidative desulfurization and adsorption (Almarri et al., 2009; Hernandez-Maldonado et
al., 2003; Kim et al., 2006; Shan et al., 2008). Among the different techniques, adsorption has
shown many advantages such as relatively lower temperatures and pressures when compared to

the conventional HDS process. However, for this method to be effective, the development of the
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adsorbents is key. In the literature, several materials were used as adsorbents for the removal of
sulfur and nitrogen species from gas oil. Velu et al., 2002, used Y-zeolite-based adsorbents for
selective desulfurization of jet-fuel. Activated carbon applications as adsorbent have also been
reported by Sano et al. 2004. Using a distilled fraction feed from an atmospheric distillatory, the
carbon-based supports were packed into a stainless-steel tube and were put in contact by pumping
the distilled fraction feed. This study suggested that adsorbent surface properties, as large surface
area and pore size might be important factors for better adsorption efficiency. Another highly used
material for desulfurization is silica-alumina. Silveira et al., 2015, reported silica-alumina
impregnated with different metal oxides. The loading of mixed metal oxides on silica-alumina
promoted the sulfur adsorption. In another study, Sarda et al. 2012, used Ni and Cu loaded alumina
and ZSM-5 supports for removing sulfur from a commercial diesel containing 325 ppm total sulfur.
This study concluded that the sulfur removal strongly depended on the nature of the metal, its

amount and the supporting material.

Recently, charge-transfer complex (CTC) adsorption has been reported for desulfurization (Abedi
et al., 2016; Hernandez-Maldonado et al., 2003; Macaud et al., 2004; Misra et al., 2016; Song,
2003; Yang et al., 2001). This involves the formation of electron-donor acceptor complexes
through the interaction of aromatic n-donor compounds and w-acceptor molecules on support. The
refractory sulfur compounds of petroleum fuels contain electron-rich aromatic n-systems. They
can be adsorbed with electron-deficient systems through the CTC adsorption. The technique here
studied involves adsorptive desulfurization through a charge-transfer complex. Mesoporous
supports were functionalized with 2,7- Dinitro-9-fluorenone (m-acceptor) to create a sorbent that
binds sulfur compounds (n-donor compounds) via charge-transfer complexation. The m-acceptor
is electron-deficient and is known to attract heterocyclic sulfur compounds due to their electron-
rich nature. In this study, the m-acceptor is bound to mesoporous supports with the help of
ethylenediamine, a linker. The CTC complex formation is shown in Figure 3.1. Based on the
available literature, there are many adsorbents that have been tested based on the CTC complex
formation, but to the best of our knowledge, the mesoporous alumina-based supports with the CTC
complex formation has not been reported for desulfurization. Mesoporous alumina seems to be
good support as it has a high surface area, pore diameter and pore volume for anchoring the =n-

acceptor. In this study, 2,7-dinitro-9-fluorenone (DNF) functionalized pristine mesoporous Al>O3,
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Ti-substituted mesoporous Al;Os and commercial y- AloOs were prepared, characterized and

evaluated for desulfurization of a model feed.

II-acceptor

Figure 3.1 Schematic of synthesized adsorbent for desulfurization

3.3 Experimental
3.3.1 Materials

Poly (ethylene oxide)- block poly (propylene oxide) - block poly (ethylene oxide) (P123) was
purchased from Sigma Aldrich, Canada. Nitric acid (=70.0%), methanol (>99.0%), toluene
(>99.0%) and acetic acid (>99.0%) were purchased from Fisher Chemical, Canada. Aluminum
isopropoxide (98.0%) and ethylenediamine (99.0%) were purchased from Alfa Aesar, Canada.
Titanium isopropoxide (98.0%) and hydrochloric acid (37.0%) were purchased from Acros
Organics, Canada. 2, 7- Dinitro-9-fluorenone was purchased from Tokyo chemical industry and

anhydrous ethanol (100%) was purchased from Commercial alcohols, Canada.

3.3.2 Synthesis of adsorbents

Adsorbent A, adsorbent B, and adsorbent C were prepared with the mesoporous Al.O3, Ti-
substituted mesoporous Al>0s and commercial Y'-alumina supports, respectively. There were three
steps involved in the syntheses of adsorbents. First, the supports, mesoporous Al>Os, Ti-substituted
mesoporous Al>Oz were synthesized, afterward, ethylenediamine (linker) was added onto the three
supports and as the third and final step, the immobilization of the m-acceptor onto the three

materials was performed.
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The synthesis of mesoporous alumina and Ti-substituted mesoporous alumina followed the
method reported by Badoga et al. 2014 and Duprez and Wilson 2009 with a few modifications.
The synthesis procedures of adsorbents are described below.

Synthesis of Al>O3 and Ti-substituted mesoporous Al>Oz supports

For the synthesis of pristine alumina support, 39.5 g of aluminum isopropoxide was dissolved in
130 mL of ethanol contained in a 250 mL beaker placed in a hot plate with a mechanical stirrer for
1 h at 40°C (Solution A). Simultaneously, 260 mL of ethanol was placed in a 500 mL beaker at
40°C incorporated with a mechanical stirrer, and then 19.4 g of P-123 was added. The mixture was
stirred for 2 h at 40°C in order to dissolve P-123 (Solution B). Then, 29 mL of HNO3 was added
with an HNOs/H20 ratio of 0.2 (14mL of HNO3z and 70 mL of H20). The next step was the addition
of the content of solution A to solution B dropwise and stirred for 2 h at 40°C. The resulting
material was aged for 4.5 days at 65°C in a Teflon bottle prior to calcination at 600°C in a muffle
furnace for 5 h with a ramp rate of 0.5°C/min.

For the synthesis of Ti-substituted mesoporous Al.O3 support, 43 g of aluminum isopropoxide and
3.5 g of titanium isopropoxide were dissolved in 117 mL of ethanol in a 500 mL beaker under
mechanical agitation for 30 min. Simultaneously, 17.9 g of P123 was dissolved in 240 mL of
ethanol at 40 °C for 30 min in another 500 mL beaker. Subsequently, 27 mL of HNO3 (70 wt.%)
was added to the beaker containing P123 solution and allowed to stir for another 15 min.
Afterward, the first mixture was added dropwise to the content of the second beaker under vigorous
stirring for 2 h. The mixture was then transferred into a Teflon bottle for aging at 65°C for 4.5
days. Finally, the solid material was recovered under vacuum filtration, dried at 80°C and calcined
at 600 °C for 5 h at a ramp rate of 0.5°C/min.

Amine functionalization on supports

The functionalization of the synthesized supports with ethylenediamine (EDA) provides anchoring
sites for the m-acceptor. The procedure for the immobilization of the amine linker on supports is
described below. Firstly, 12.1 g of EDA was added to a beaker containing 144 ml of methanol
under vigorous stirring until complete dissolution of the solid particles. Secondly, 10 g of the

support was added under continuous stirring for 3h. The resulting mixture was filtered, washed
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with methanol and dried in a vacuum oven at 70 °C for 12 h. For comparison purposes, commercial

Y-alumina was also functionalized using the same linker.
Immobilization of m-acceptor on supports

87 mL of toluene and 6 mL of acetic acid were added to a 500 mL two-necked flask equipped with
a mechanical stirrer immersed in an oil bath at 100°C. Then, 1.06 g of DNF r-acceptor was added
under continuous stirring until completely dissolved. Subsequently, the functionalized support (i.e.
support + linker matrix) was added and stirred at 400 rpm under reflux at 100°C for 3 days. Once
the reaction was completed, the materials were recovered via vacuum filtration and washed with

toluene. Then it was dried under vacuum at 85 °C for 48 h.

3.3.3 Characterization of supports and adsorbents

To determine the textural properties of the synthesized supports, supports + linker as well as the
formulated support-linker-r acceptor adsorbents, the N2 adsorption-desorption BET technique was
used. The nitrogen physisorption was performed using a Micrometrics ASAP 2020 analyzer with
liquid nitrogen at a temperature of 77 K to determine the specific surface area, pore volume and
average pore diameter. The Brunauer-Emmett-Teller (BET) method was used in the pressure range
(P/Po) of 0.05-0.30. The adsorption-desorption sections of isotherms were used to calculate the
pore diameter and pore size of the synthesized materials using the Barrett-Joyner-Halenda (BJH)
method. Using the N2 amount adsorbed by the materials at a P/Po = 0.4, the volume of the
mesopore was calculated. Using the amount of N2 adsorbent at a P/P0=0.95, the total pore volume
was calculated with the assumption that the external surface was negligible as compared to the one
in the pores. In all cases, a correlation coefficient of 0.99 was obtained.

The Fourier transformed infrared spectrometer (FT-IR) was used to qualitatively determine the -
acceptor presence on the materials. The spectra were recorded in the range of 400-4000 cm™
wavenumbers, which used 128 scans with a nominal resolution of 4 cm™ with a VERTEX 70 FT-
IR instrument equipped with a diamond ATR.

The thermal stability of the samples was determined using a TA instruments Q500 series
thermogravimetric analyzer (TGA). Nitrogen was used to purge the samples and then the analysis
was performed. Using 10-20 mg of sample weighed into a high-temperature platinum pan, the
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sample was heated to 800°C at a ramp rate of 10°C/min. As the sample was being heated, the

weight loss of the samples was measured as a function of the increasing temperature.

The X-ray diffraction (XRD) patterns of the supports and synthesized adsorbents were obtained
using a Bruker D8 Advance X-ray diffractometer (Bruker AXS, Karlsruhe, Germany). The XRD
analysis was acquired with the application of monochromatic CuKa radiation (A = 0.15418 nm)
generated at 40 kV voltage and 130 mA. The diffraction patterns were measured between the wide-

angle (20) of 10° and 90° at a scanning speed of 0.2°/min.

Around 4-6 mg of each sample were combusted using an EI Vario 11l CHSN elemental analyzer
(Elemental Americas Inc., Mt. Laurel, NJ, USA) was used to determine the percent content (wt/wt)
of carbon (C), hydrogen (H), and nitrogen (N) atoms. It was also used to determine the nitrogen

concentration in between synthesis stages.

All X-ray Photoelectron Spectroscopy (XPS) measurements were collected using a Kratos
(Manchester, UK) AXIS Supra system at the Saskatchewan Structural Sciences Centre (SSSC),
the University of Saskatchewan. This system is equipped with a 500 mm Rowland circle
monochromatic Al K-a (1486.6 eV) source and combined hemi-spherical analyzer (HSA) and
spherical mirror analyzer (SMA). A spot size of hybrid slot (300x700 microns) was used. All
survey scan spectra were collected in the 5-1200 binding energy range in 1 eV steps with a pass
energy of 160 eV. High-resolution scans of multiple regions were also conducted using 0.05 eV
steps with a pass energy of 20 eV. An accelerating voltage of 15 keV and an emission current of
15 mA were used for the analysis.

3.3.4 Procedure for adsorption experiments

A model feed was prepared in order to test the adsorption efficiency towards sulfur compounds of
the synthesized materials in a batch reactor system. For the model feed, thiophene was dissolved
in ultra-low sulfur diesel (ULSD). The ULSD contains 27 and 12 ppm for nitrogen and sulfur,
respectively. For the desired concentration of 500 ppm, 0.0656 g of thiophene was diluted in 50

ml of ULSD, based on the formula shown below.

_ . 32.065 ., 1 6
ppm (S) = wt.thiophene (g) X i X w6 X 10 (3.1
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Then, the adsorption studies were carried out by adding adsorbent to model feed (1:5 ratio, by
weight). The feed was contacted with the adsorbent by placing 0.5 g of the adsorbent and 2.5 g of
the model feed in a glass vial with a cap. Using a magnetic stirrer at 400 rpm, the adsorbent and
the model feed were mixed at 22°C, for 12 hours. After mixing, the liquid product was separated
from the adsorbent by vacuum filtration and analyzed using an Antek N/S analyzer. The sulfur

removal efficiency of adsorbent was calculated based on the formula:

S content in untreated feed (ppm)-S content in treated feed (ppm) X 100

S removal efficiency (%)= (3.2)

S content in untreated feed (ppm)

3.4 Results and discussion
3.4.1 N2-adsorption measurement

The isotherms, as well as pore size distributions for pristine supports and their corresponding
adsorbents, were determined by N-adsorption/desorption measurement. Figure 3.2 shows the
isotherms of the three supports (mesoporous Al2Os, Ti-substituted mesoporous Al.Oz and
commercial y- alumina) and DNF-immobilized supports (Al203-EDA-DNF and Ti-substituted
Al,O3-EDA-DNF and commercial y- alumina-EDA-DNF). The type IV isotherm confirms the
presence of textural mesoporosity in the pristine supports and their respective adsorbents
(Satterfield 1996). Since adsorption predominantly proceeds on the surface, the porosity of the
adsorbent material plays a crucial role. This is because the porosity controls the mass transfer
processes via charge transfer complexation between the m-acceptor of the adsorbent material and
sulfur compounds (n donors) of the feed; thus, facilitating the adsorption of sulfur compounds and

their subsequent desulfurization.
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Figure 3.2 Nz-adsorption/desorption isotherms for Al,O3,Ti-substituted meso-alumina and
commercial gamma-alumina their corresponding DNF-immobilized supports (Al.Os-EDA-DNF
and Ti-substituted meso-alumina -EDA-DNF).

The pore size distribution profiles of the prepared adsorbents are given in Figure 3.3. It can be
observed from the figure that the cumulative volume of N2 desorbed by the adsorbent A is more
than that of the adsorbent B. As given in Table 3.1, the incorporation of Ti in the framework of
Al>O3 significantly changed the textural properties of mesoporous alumina. It can be noticed that
the surface area and pore volume significantly decreased after the immobilization of the linker and

n-acceptor on all three supports.
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Figure 3.3 Pore size distribution of the DNF immobilized support Al.O3-EDA-DNF, Ti-
substituted Al,Oz-EDA-DNF and commercial alumina-EDA-DNF.

The Al,O3-EDA and Ti-substituted Al,Os—EDA materials suffered a 23.9 and 26.7 % reduction
in surface areas, respectively; while a reduction of 28.5 and 27.3 %, respectively, was recorded in
their pore volumes. That notwithstanding, significant losses of both surface areas and porosities
were observed in the final adsorbents after the DNF m-acceptor was immobilized, whereas the
reduction in specific surface area for the final material was in the range of 80-85% and that of pore
volume was in the range of 84-95% for the Al>Oz and Ti-substituted meso- Al>Oz based absorbents.
The observed drastic changes in textural properties, typically, the pore volume, could be attributed
to the bulky nature of the DNF m-acceptor. The adsorbent C, which is based on y- alumina did not

show significant changes in the textural properties like the adsorbents A and B.
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Table 3.1 Textural properties of the synthesized support, support-linker, and support-linker-z-

acceptor.
Sample name BET surface Pore volume Pore diameter
area (m?/g) (cm?3/g) (nm)
Supports
Alumina 548 1.37 6.7
Titania-alumina* 341 0.99 7.6
Commercial alumina 241 0.53 6.0
Supports + EDA

Alumina-ethylenediamine 417 0.98 6.3
Titania-alumina- 250 0.72 7.0

ethylenediamine
Commercial alumina- 264 0.63 6.2

ethylenediamine

Supports + EDA + DNF

Alumina-ethylenediamine- 108 0.22 8.7
dinitrofluorenone (A)

Titania-alumina- 66 0.07 5.0
ethylenediamine-
dinitrofluorenone (B)

Commercial alumina- 195 0.35 7.7
ethylenediamine-
dinitrofluorenone (C)

3.4.2 Fourier transform infrared analysis

Figure 3.4 displays the FTIR spectra of the alumina-based supports used, the broad bands from
400 to 1100 cm™ are observed in all mixed oxides, it can be attributed to the superimposition of
the Al-O vibrations bands. The spectra of mixed oxides show a broad band between 2700-3750
cm* that corresponds to hydroxyl groups of oxides and surface adsorbed water (Badoga et al.,
2014). The strong peak at 1660 cm™can be attributed to the stretching of —OH (Ahmed, 2011;
Duprez et al., 2011). The bands for Ti—O were obscured by the bands related to AI-O bonds,
hence, could not be identified (Silva et al., 2015). The n-acceptor, DNF contains two nitro groups
on fluorenone moiety. Figure 3.5 shows the adsorbents, ethylenediamine and dinitrofluorenone

spectra. The immobilization of the m-acceptor on all three supports is evidenced by the appearance
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of nitro group (O=N-0O) bands at 1340 cm-1 and 1570 cm-1 (Misra et al., 2015). The FTIR study

indicates that the desired adsorbents with the w-acceptor were synthesized successfully.
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Figure 3.5 FT-IR spectra of adsorbents, ethylenediamine and dinitrofluorenone.

36



3.4.3 Thermogravimetric analysis

Thermal degradation profiles of the three adsorbents are shown in Figure 3.6. The prepared
adsorbents are stable up to 200 °C, a temperature that is within the working range of adsorption

reactions. The adsorbents showed significant weight loss after 280°C.
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Figure 3.6 Thermal degradation profiles of adsorbents and dinitrofluorenone

As discussed earlier, the FTIR and XRD studies proved the presence of significant amount of
DNF in all three adsorbents. Prior to immobilization, supports were calcined at 600°C, and no
other compounds or impurities other than DNF is expected in this temperature region. TGA of
pure DNF was conducted to validate the above prediction. TGA of pure DNF also shows the
weight loss in the same temperature region as adsorbents (Figure 3.6). This result confirms that
the weight loss of adsorbents after 280°C is due to thermal degradation of DNF. As discussed
previously, the surface area and pore volume values drop as the concentration of DNF increases
in adsorbents. The TGA study showed ~20 % more DNF in adsorbent A than adsorbent C.
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Adsorbent A showed a significant drop in the surface area and pore volume values due to the

presence of the higher amount of DNF in it.

3.4.4 X-ray diffraction

X-ray diffraction of supports and adsorbents are shown in Figures 3.7 and 3.8. The XRD patterns
concluded that the mesoporous alumina and Ti-substituted mesoporous alumina supports are
mostly amorphous and the commercial alumina support contains the crystalline y-alumina phase
(peaks at 46.3 ° and 67° ). The XRD patterns of the synthesized adsorbents (A, B and C) shown
in Figure 3.7 match to the m-acceptor, DNF, which is highly crystalline, therefore its peaks

dominant over the support XRD peaks.
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Figure 3.7 X-ray diffraction for alumina supports. (A) Mesoporous alumina support, (B) Ti-
substituted meso-Al>0z and (C) commercial y-alumina supports.
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Figure 3.8 X-ray diffraction for alumina based adsorbents and n-acceptor compound.

3.4.5 X-ray photoelectron spectroscopy

Adsorbent B was investigated by XPS to determine its Titanium coordination. In the mesoporous
materials, the framework and non-framework Ti species exist in the tetrahedral and octahedral
coordination, respectively. The XPS spectrum of adsorbent B shown in Figure 3.9 evidences the
presence of only tetrahedrally coordinated titanium by the appearance of characteristic bands at
458 and 462 eV. This values are in accordance with the other reports (Gonzalez-Elipe et al., 1989;
Biesinger et al., 2010; Lazzaroni and Hecq, 2003; Pouilleau et al., 1997).
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Figure 3.9 X-ray photoelectron spectroscopy of Adsorbent B.

3.4.6 CHNS elemental analysis

The results and their respective standard deviations are shown on Table 3.2. It can be observed
that when the linker (EDA) was attached to mesoporous alumina, the nitrogen composition
increases to 1.17%, this change in the nitrogen composition was expected as the linker (EDA) is
an amine, therefore its structure C,H4(NH,), containing nitrogen. Then, when the m-acceptor is
added we see that the nitrogen composition did not change significantly, this can be explained with

the synthesis procedure. Attaching the linker to the support does not involve a higher temperature

40



other than 22°C, however, when the m-acceptor was synthesized, a temperature of 100°C was
needed for the reaction. With this being said, it might be possible that some of the linker was not
washed out after its synthesis onto the support and when the -acceptor immobilization took place,
the linker in excess was washed off but the composition did not decreased, as the n-acceptor (DNF)
is high in nitrogen composition. The DNF chemical formula, C13HsN2Os, shows that is not only
rich in nitrogen, but also in carbon (C). This can explained why after immobilizing the n-acceptor
onto the supports and linkers, each sample shows an increase on its carbon composition. This
nitrogen composition behavior was not the case for the three supports, Ti-substituted meso-
alumina and commercial y-alumina, where nitrogen compositions increased after adding the linker

and n-acceptor. However, the carbon composition behavior was the same in all of the materials.

Table 3.2 CHNS elemental composition of supports, support + linker and final adsorbent

Elemental composition % (wt/wt)

Sample name N (%) C (%) H (%) S (%)
Mesoporous alumina  0.00+0.00 0.49+0.00 3.44+026 0.08%£0.11
support
Mesoporous alumina  1.17+0.00 230+0.05 3.04+x0.01 0.07+0.02
support-EDA
Mesoporous alumina  1.17 £0.07 27.38 £ 3.77+£0.08 0.11+£0.03
support-EDA-DNF 0.36
Ti-substituted meso- 0.07+0 0.77+0.06 3.28%+0.97 0.02+0.02
alumina
Ti-substituted meso-  0.70+0.00 2.83+0.81 3.40%£0.02 0.05+0.01
alumina-EDA
Ti-substituted meso-  0.82 + 0.02 21.63 + 3.40+059 0.05+0.00
alumina-EDA- DNF 1.43
Commercial y-alumina  0.00+0.00 0.15+0.17 3.60+£0.33 0.04£0.00
Commercial y-alumina 1.82 +0.11 15.46 £ 290+0.88 0.03+0.01
-EDA-DNF 0.75
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3.4.7 Adsorption experiments using ultra-low sulfur diesel (ULSD) feedstock

Adsorption experiments were performed for a 24 h duration to measure the desulfurization abilities
of adsorbents using a model feed with 500 ppm sulfur in ULSD. As shown in Figure 3.10,
adsorbents A, B and C removed 85.7, 55.3 and 90.4 wt. % sulfur, respectively. Among the
adsorbents, adsorbents A and C appear to be suitable materials for desulfurization. These
adsorbents are based on alumina supports, whereas the adsorbent B is made of Ti substituted Al>O3
support. As compared with alumina supports, Ti substituted Al.O3 has inferior surface area and
pore volume. In the same way, adsorbent B, which is formulated with Ti substituted Al>Os, has

lower surface textural properties. The poor surface area and pore volume of adsorbent B are

accountable for its inferior sulfur adsorption tendency.
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Figure 3.10 Comparison of sulfur removal efficiency of Adsorbents A, B and C. Adsorption
parameters: Feed = 500 ppm of sulfur in ULSD, T = 22 °C, stirring = 400 rpm, atmospheric
pressure, adsorbent to feed ratio = 1.5, time = 24 h).

All adsorbents contain ethylenediamine and DNF on them. The possibilities of leaching of these

compounds were checked by conducting adsorption experiments using ULSD non-spiked feed
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with 27 and 12 ppm for nitrogen and sulfur, respectively. As shown in Figure 3.11, all three

adsorbents removed completely the total sulfur content, however, this was not the case for

nitrogen. The nitrogen contents of liquid products of adsorbents A and C are lower than that of the

starting feed. On the contrary, a slight increase in the nitrogen concentration is observed with the

adsorbent B. The linker and m-acceptor are nitrogen-based compounds. The leaching of these

compounds during adsorption can lead to an increase in the nitrogen concentration of the liquid

product. The increase of nitrogen concentration with the adsorbent B in Figure 3.11 evidences the

possibility of some leaching of either the linker or the n-acceptor compounds from the adsorbent
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Figure 3.11 Sulfur and nitrogen removal efficiency of adsorbents A, B and C with ULSD non-

= 400 rpm, atmospheric pressure,

22 °C, stirring

spiked feed. Adsorption parameters: T

1:5, time = 24 h.

adsorbent to feed ratio
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3.4.8 Effects of adsorption time

The time it takes by an adsorbent to remove sulfur and nitrogen impurities is important as it can
impact the adsorption capacity. Therefore, the effects of contact time of the adsorption process can
be considered as an important factor to determine whether a material is suitable for the adsorption
application or not. The effect of time on adsorption of sulfur species was studied by performing
the experiments for 1, 6, 12, 24, 48, 72 and 96 h by using the ULSD spiked feed with 500 ppm of
sulfur. As shown in Figure 3.12, the adsorption capacity is found to increase with the contact time.
During the first hour of the experiment, around 60% of sulfur impurities were removed by
adsorbent C and around 20% with adsorbents A and B. Then in the second sample, which was

taken after 6 h, there is an increase in the sulfur removal with all three adsorbents.

100

_-A

90 | .-
Q 2.
o\. 80 A -7
Z 70 PPt
S’ -
o] -
€ 607  ___--- g e
> Y g 70 - I
g 50 | kT £ 60 - i "o

- = 50 4 5
S 4" N
o Adsorbent A g 30 -
= 30 5 20 4
= 2 Adsorbent B 310
= i 0 . . .
W . - 4 - Adsorbent C . o P iy w0
Time (min)
0 T T T T T T T T
0 6 12 18 24 30 36 42 48
Time (h)

Figure 3.12 Effects of adsorption time on sulfur removal (Adsorption parameters: T = 22 °C,
stirring = 400 rpm, atmospheric pressure, adsorbent to feed ratio = 1.5, time = 0 to 96 h).

Adsorbent A removed 60%, adsorbent B removed around 40% and adsorbent C removed over
90%. The consecutive time samples for adsorbents B and C seem to stay within the same range,
however, the adsorption activity of the adsorbent A gradually increases and reaches its maximum
value at the contact time of 72 h. Though absorbents A and C showed similar desulfurization

activities after 72 h, the absorbent C is most preferred for the adsorptive desulfurization process,
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as it needs the shorter equilibrium time. The most suitable adsorbent for industrial applications is
the one that possess a shortest contact time (shortest equilibrium time). As the contact time and
flow rate of feedstock are indirectly proportional, high flow rate operation can provide a cost-
effective adsorptive desulfurization process.

3.4.9 Effects of feed concentration on adsorption capacity

Adsorption isotherms are the equilibrium relationships that provide insights into the distribution
of adsorbate between two phases for a particular adsorbate and adsorbent system (Foo and
Hameed, 2010). Studying the equilibrium capacity of an adsorbent is helpful as it can help to
determine the maximum adsorption capacity of adsorbent in relation to adsorbate (Mckav and
Ireland, 1985). This adsorption equilibrium capacity is achieved when the rate at which the
molecules adsorb into the adsorbent is equal to the rate at which they desorb from it; this is
considered a dynamic concept. The concentration of the solute should not change in equilibrium
either in the solid or in the bulk solution, as the equilibrium is considered a characteristic of the
entire system (El Qada et al., 2006).

Here, sulfur model feeds with varying initial concentrations of thiophene in ULSD were used for
determining the adsorption capacity data. The sulfur adsorption capacity, q (mg/g) of the

adsorbents was calculated according to the following equation:

M (Ci_ce)
q= fT (3:3)

Where, Mf is the model feed weight (g), Ci and Ce are the initial and final concentrations of the

sulfur in the model feed (ppm), respectively and Ms is the mass of solid adsorbent (g).

There are two types of adsorption; physical and chemical. Chemical adsorption constitutes creating
bonds in between adsorbate (sulfur compounds) and adsorbent, whereas physical adsorption is
based on weak intermolecular bonds forces like Van der Waals and hydrogen bonding (Nathan
and Scobell, 2012). The adsorbate can adsorbed on any sites of the adsorbent and in two different
ways: monolayer or multilayer. The monolayer adsorption constitutes one molecule getting
attached onto the surface of the adsorbent and multilayer is when several molecules may stack
onto the surface of the adsorbent (Hendricks, 2011).
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As shown in Figure 3.13, the relation between the various initial feed concentrations compared to
their adsorption capacity seems to show the curve, which increases quickly in the beginning, but
the adsorption gain decreases and becomes more difficult as the sulfur concentration increases.
This adsorption pattern indicates that the adsorption surface of adsorbents A, B and C were
heterogeneous, resulting in both monolayer and multilayer adsorptions. Similar results of increase
in the adsorption capacity with an increasing amount of the initial adsorbent concentration were
reported (Fei et al., 2017; Ha et al., 2018). Increase of adsorbate concentration increases the
probability of collision between adsorbate and adsorbent, also the driving force of the

concentration gradient and thus causes an increase in adsorption capacity.
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Figure 3.13 Effects of initial concentration of sulfur model feed on adsorption capacity of
adsorbents A, B and C (Adsorption parameters: T = 22 °C, stirring = 400 rpm, atmospheric
pressure, adsorbent to feed ratio = 1:5, time = 24 h).

3.5 Conclusions

Three different charge-transfer complex (CTC) adsorbents for desulfurization of liquid fuels were
prepared and characterized. The BET-N2 study evidenced the mesoporous nature of all three
adsorbents. The FTIR, TGA and XRD studies confirmed the successful incorporation of the z-
acceptor on the support. Adsorption experiments were conducted with a model feed of 500 ppm
sulfur. The CTC adsorbents prepared based on mesoporous alumina (Adsorbent A) and
commercial Y-alumina (Adsorbent C) showed higher sulfur removal than the Ti incorporated

material (Adsorbent B). The poor performance of adsorbent B is due to leaching of the linker and
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n-acceptor in the adsorption medium (ULSD). No leaching of the linker and m-acceptor was
observed with adsorbents A and C. The adsorption capacity profiles of adsorbents A and C are
logarithmic with the monolayer and multilayer adsorptions. Among adsorbent A and C, it is
concluded that adsorbent C is more suitable for sulfur removal due to the shorter equilibrium time

of adsorption.

47



Chapter 4 : Optimization, regeneration and kinetic studies

This chapter presents the experimental results and discussions of the third phase of this research
work. Section 4.1 details the chemical used in this part of the research along with those used for
the synthesized adsorbents; it also briefly describes the preparation of the adsorbents previously
detailed in Chapter 3. In section 4.2, the optimization design of the experiments is presented and
the results are further discussed. Kinetic studies are discussed in section 4.3, two kinetic models
were used to fit the data and further explain the adsorptive behavior of the adsorbents.
Thermodynamic studies are presented in section 4.4 where free activation energy, enthalpy,
entropy and activation energy are calculated and provide an insight of the thermodynamic side of

the adsorptive behavior of these alumina-based adsorbents.

4.1. Experimental methods
4.1.1 Materials/ Chemicals

Poly (ethylene oxide)- block poly (propylene oxide) - block poly (ethylene oxide) (P123), carbon
tetrachloride (CCls) and dichloromethane were purchased from Sigma Aldrich, Ontario, Canada.
Nitric acid (>70.0%), methanol (>99.0%), toluene (>99.0%) and acetic acid (>99.0%) were
purchased from Fisher Chemical, Saskatoon, Canada. Aluminum isopropoxide (98.0%) and
ethylenediamine (99.0%) were purchased from Alfa Aesar, Saskatoon, Canada. Titanium
isopropoxide (98.0%) and hydrochloric acid (37.0%) were purchased from Acros Organics,
Saskatoon, Canada. 2, 7- Dinitro-9-fluorenone was purchased from Tokyo chemical industry and

anhydrous ethanol (100%) was purchased from Commercial alcohols, Saskatoon, Canada.

4.1.2 Preparation of adsorbents

The synthesis method of the charge transfer adsorbents used in this study was described in detail
in our previous publication (Botana de la Cruz et al., 2020). In brief, adsorbents A, B, and C were
prepared with the mesoporous Al>Os, Ti-substituted mesoporous Al,Oz and commercial Y-
alumina supports, respectively. The syntheses of adsorbents involved (i) preparation of supports,
(if) anchoring of linker, ethylenediamine on supports, and (iii) immobilization of a m-acceptor, 2,7-

dinitro-9-fluorenone on supports.
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4.2 Process parameter Optimization

To investigate the influence of process parameters and their combined interactions on the
adsorptive desulfurization process, a set of experiments was designed by varying process
parameters, namely, temperature, adsorption time and adsorbent loading. The model feed
concentration was kept constant. Experiments were designed by the Central Composite Design
(CCD) approach using the Design Expert® software (version 6.0.11, State-Ease Inc., Minneapolis,
USA). Briefly, the CCD method is use to optimize the conditions of a known multi-variable system
as it evaluates the influence of the independent variables in a set of experiments given (Vaez et al.,
2012).

Table 4.1 Optimization parameters and their corresponding range used for the Central
Composite Design.

Variables Symbols Range
Temperature (°C) X 22 60
Time (min) Y 15 60
Adsorbent loading (g) Z 0.25 0.75

Table 4.1 shows the ranges of variables used to design. As given in Table 4.2, a set of 19
experiments (14 unique) was designed, with the center point experiment replicated 5 times.
Experiments were repeated to check reproducibility under the same set of conditions. The model
feed used in this study contained 541 ppm of sulfur which was prepared by dissolving thiophene
in ultra-low sulfur diesel (ULSD). The typical adsorption experiment was carried out placing 0.5
g of the adsorbent and 2.5 g of the model feed in a glass vial with a cap. Using a magnetic stirrer
at 400 rpm, the adsorbent and the model feed were mixed at 22°C for 24 h and the liquid product
was separated from the adsorbent by vacuum filtration and analyzed using an Antek N/S analyzer.
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Table 4.2 Design of experiments for adsorption of sulfur and nitrogen species

Run Adsorbent Temperature Time
number loading (g) (°C) (min)
1 0.75 60
2 0.75 27
3 0.25 22 60
4 0.25 27
5 0.75 60
6 0.75 27
7 0.25 60 60
8 0.25 27
9 0.5 43
10 0.5 43
11 0.5 71
12 0.5 43
13 0.5 43
14 0.5 4 43
15 0.5 15
16 0.5 43
17 0.92 43
18 0.08 43
19 0.5 73 43

4.2.1 Adsorption parameters optimization studies

The effects of time, temperature and adsorbent loading on sulfur removal were determined by
plotting a three-dimensional (3D) response surface and control graphs (see Figure 4.1). Adsorbent
A shows its highest adsorption activity with 76.3% of sulfur removal at an adsorbent loading of
20%, 41°C and a reaction time of 43 min. However, at a temperature of 22°C, an adsorbent loading
of 30% and a reaction time of 27 min, adsorbent A shows 74.0% sulfur removal. In terms of

energy requirements, adsorption at 41°C might not be ideal as compared to 22°C.

Besides, raising the temperature by 20°C increased the sulfur removal only by 2 wt.%. Adsorbent
B showed a maximum sulfur removal of 57.2 wt.% at an adsorbent loading of 10% (0.25 g), a
temperature of 60°C and an adsorption time of 27 min. Similarly, adsorbent C reached its

maximum adsorption capacity at an adsorbent loading of 30% (0.75 g), a temperature of 22°C and
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an adsorption time of 27 min, resulting a sulfur removal of 887 wt %.

100

Total S adsorbed

100

80

60

Total S adsorbed

Figure 4.1 The three-dimensional response surfaces: effects of temperature and adsorbent
loading on desulfurization activity of adsorbents A, B and C.

To fit the response function on sulfur removal, regression analysis was performed. The model
equation for sulfur removal for adsorbents A, B and C are shown in Table 3. The individual effect
of each of the process parameters such as temperature (X), time (Y) and adsorbent loading (Z),
and combined effects of two of the process parameters on sulfur adsorption can be distinguished
by using equations given in Table 3. For example, the effects of X-Y, X-Z, and Y-Z are not as

significant as the individual effect of X, Y and Z on the sulfur adsorption capacity of the adsorbent
A.
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Table 4.3 Linear equations for adsorbents A, B and C from Composite Design Expert based on
the proposed set of experiments.

Adsorbent Linear equation

Total S removal=-5.37+0.17X + 111.04Y +68.99Z - 0.60XY - 0.44XZ -

A 75.31YZ

Total S removal=50.73 + 0.34X —55.31Y —19.13Z + 0.30XY —0.17XZ +
4846 YZ

Total S removal =103.46 — 0.01X —1.63Y — 104.90Z — 0.54XY + 0.27XZ +

¢ 116.77YZ

Note: Where X,Y and Z are temp.(°C), time (h) and adsorbent loading (wt.%), respectively.

4.3 Adsorption Kinetics

Apart from the results of the experimental studies, mathematical modeling is an efficient method
for analysis of any chemical process. Theoretical and empirical models are used to fit experimental
data. Using this method provides information to understand and simulate the adsorptive removal
of sulfur in from fuels that can potentially reduce the cost of experiments and increase the
feasibility of the adsorption process. In this case, empirical models were used, pseudo-first and
pseudo-second order Kinetic model; these models are known for their simplicity when modelling

experimental data.

Kinetic studies were conducted in a stirred batch system consisting of a 15 mL glass vial in which
a mixture of the adsorbent and the model feed was stirred at 400 rpm. The adsorbent to feed ratio
was maintained at 1:5. To determine the minimum time required for the adsorbent to reach
adsorption equilibrium, the experiments were carried at different times ranging from 15 min to 72

h. To investigate the adsorption mechanism, the temperature was kept constant at 22°C.

After the duration for adsorption was elapsed, the adsorbent was filtered under vacuum and the
treated feed was collected in a vial for total sulfur and nitrogen analysis using an Antek analyzer.
Following the N/S analysis, the adsorption efficiency was calculated using the formula shown
below:
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S inthe untreated feed (ppm)—S in the treated feed

r al iciency (%) =
S remov eff ¢ 4 (/0) S in the untreated feed (ppm)

x 100  (4.1)

The equilibrium capacity of the adsorbents was calculated using the following formula:

Co—Ce
qe = =2V (4-2)

m

Where Coand C. are the initial and equilibrium concentrations of sulfur (mg L) respectively, V

is the volume of the feed used (L), and m is the mass of the adsorbent (g).

4.3.1 Kinetic studies

To analyze the data from the adsorption experiments, two conventional kinetic models were used,
pseudo-first and pseudo-second order models (Boahene et al., 2013; Malik, 2004). Figure 4.2
shows the adsorption Kinetic curves for the pseudo-first-order model of adsorbents A, B and C for
sulfur removal. The pseudo-first order model formula was rearranged for linearized data plotting

and is shown below:

In(qe —q:) = Inq, — ky xt (4.3)

Where ge and gt are amounts of sulfur compound adsorbed at equilibrium (ge) and at various times
(q) calculated in (mg g%) and ki is the rate constant of the pseudo-first-order model of adsorption
(min). The values of ge and ki can be calculated using the intercept and slope of the linear plot of

In (ge - qt) versus t (see equation 4.3).

= + —
q: k9% qe (44)
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Figure 4.2 Pseudo first-order adsorption kinetics of adsorbents A, B and C. Temperature =22°C,
feed to adsorbent ratio=5. The solid line is the results for the kinetic model; the dash line is

For the pseudo-first order model, values of ge and ki were calculated, which are shown in Table
4.4, along with other kinetic parameters and correlation coefficients. The experimental data
deviated considerably from the theoretical data. Also, the theoretical ge values found from the first-
order kinetic model did not give reasonable values. The kinetic parameters of the pseudo-second-
order model are also presented in Table 4.4. From this table, it can be seen that the pseudo-second
order model (see equation 4.4) adequately fits the adsorption experimental data for all three
adsorbents. This observation was corroborated by the correlation coefficient R? values obtained
from this model. For adsorbents A and C the R? values were higher than for adsorbent B; however,
the pseudo-first-order model did not show R? higher than 0.5. For the pseudo-second order model,
both adsorbents A and C showed R? values greater than 0.99; suggesting a better correlation of the
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experimental data to the kinetic model. As it can be observed on Figure 4.3
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Figure 4.3. Pseudo first-order adsorption kinetics of adsorbents A, B and C. Temperature =22°C,
feed to adsorbent ratio=5. The solid line is the results for the kinetic model; the dash line is
pseudo first-order-model simulation.

Table 4.4 Kinetic parameters for pseudo-first and pseudo-second-order model

_ Pseudo-second order
Pseudo-first order model

model
Adsorbent ?;;e);)) ge(cal) (mg-g?) Ki(min?) R? (?;;C:?) fzr(f":i? R?
A 2.79 -0.00112 3.5E-04 0.39 1.01 1.59E-02 0.99
B 2.08 -0.00021 3.4E-05 0.18 1.20 1.22E-02 0.92
C 2.78 -0.00117 -9.0E-04 0.33 1.03 9.21E-03 0.99
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Values for ge (exp) and ge (cal) highly differ for the pseudo-first and second order models, the
negative ki values indicates that they are not significant for the model (Pan and Xing, 2010), as
can be expected when looking at the R? values. Even though the ge (exp) value for adsorbent B
seems to be closer to the ge (cal); this does not mean that it depends entirely on the adsorptive
behavior. The R? for the pseudo-second order model for adsorbent B is the lowest with a value of
~0.92 when compared to those for adsorbents A and C; meaning that the pseudo-second order
model fits better for adsorbents A and C adsorption data. The pseudo-second order model is also
known as the double-exponential model or a two-step mechanism (Li et al., 1999). Michard et al.
1996, proposed a diffusion control mechanism consisted of two-steps. In the first one, a rapid
uptake of adsorbate takes place; this involves internal and external diffusion. In the second step,
the adsorption rate is controlled by the intraparticle diffusion before the adsorption reaches
equilibrium. Therefore; the pseudo-second order model can be consider a diffusion model.

4.4 Adsorption thermodynamics

Using the reaction rate constant of the pseudo-second-order model, the activation energies of the
three adsorbents were calculated following a method reported by Laidler, 1984. Using the

Arrhenius equation, the activation energy, Ez, was calculated as shown below:

InE, = —5—;+lnA (4.5)

Moreover, using the data obtained from the adsorption experiments, the free activation energy
(AG®) was determined by assuming that the adsorption process happened spontaneously. The

changes in enthalpy (AHo) and entropy (ASo) were also calculated using the equations shown

below:
AG® = —RT InK, (4.6)
de 4.7)
Kp ==
D Ce
Ink, =2 42 (48)
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Where AG® (kJ-mol™) was calculated using the Van’t Hoff equation, R is the universal gas
constant, 8.314 J-mol?, T is the absolute adsorption temperature in K, Kp is the adsorption
equilibrium constant. Using the slope and intercept of the plot, In Kp vs. 1/T, AH® and AS® were
calculated.

4.4.1. Adsorption thermodynamic studies

As part of this study, the activation energy (Ea) was calculated to provide an insight into the
adsorption mechanisms. Using the Arrhenius equation, the activation energies were calculated for
adsorbents A, B and C. Using temperature in the range of 295-314 K, the activation energy values
of 8.27, -7.62 and 8.29 kJ-mol* were calculated for adsorbents A, B and C and are shown in Table
4.5. The values were obtained using the intercept and slope from the plot of In ko vs. 1/T for the

three adsorbents (see Appendix A).

Table 4.5 Activation energy calculated values for adsorbents A, B and C.

Adsorbent Activation energy (Ea)
(kJ/mol)
A 8.27
B -7.62
C 8.29

An activation energy Ea of 5~40 kJ-mol™? corresponds to physical adsorption whereas 40~800
kJ-mol* corresponds to a chemical adsorption (Fei et al., 2017). The activation energy suggests
that adsorbents A and C remove sulfur compounds through physical adsorption. This means that
no chemical reactions take place during the adsorption, instead the sulfur molecules are attracted
to the adsorbent by weak forces like Van der Waals or hydrogen bonding (Duan et al., 2014). On
the other hand, adsorbent B has proven to have a poor adsorption activity. This can attributed to
its poor textural properties. Therefore, the activation energy values for adsorbent B can be

neglected.

The free activation energy (AGP), enthalpy (AH®) and entropy (AS®) are usually involved in an
adsorption process. To evaluate if the adsorption of an adsorbate can happen spontaneously or not,

the above parameters have to be determined. In this study, the free activation energy (AG°) values
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for a temperature of 295 K were found to be 9.6, 13.0 and 7.5 kJ-mol, as shown in Table 4.6 for
adsorbents A, B and C, respectively. For a temperature of 314 K, the values were 10.6, 11.8 and
8.4 kJ-mol™. The positive values of AG® mean that adsorption of sulfur compounds on adsorbents
A,B and C is a slow process (Zhang et al., 2017). Using In Kp vs. 1/T values (see figures shown
in appendix B), enthalpy and entropy values were calculated for the three adsorbents using the

intercept and slope.

Table 4.6 Free activation energy values for adsorbents A, B and C.

AG (kJ/mol)
Adsorbent
Tem[zeKr)ature A B c
298 9.6 13.0 7.45
314 10.6 11.82 8.37

Enthalpy (AH®) values for adsorbents A, B and C were calculated to be 15.5, -19.2 and 15.3 kJ-mol
! respectively as shown in Table 4.7. Positive values of AH? indicates that the adsorption process
is endothermic (Foo and Hameed, 2010), meaning that the reaction consumes energy. The change
of entropy (AS®) values in the adsorption system were -85.2, 20.9 and -77.1 J-mol! K for
adsorbents A, B and C, respectively. Negative entropy values among adsorbents A and C indicate
the absence of significant change in the internal structure of the adsorbent during the adsorption
process. This is in accordance with the better textural properties of adsorbents A and C, compared

to adsorbent B as reported previously (Botana de la Cruz et al., 2020).

Table 4.7 Enthalpy and entropy values for adsorbents A, B and C.

Adsorbent AH (kJ/mol) AS (J/mol K)
A 7.91 -59.65
B -12.58 0.51
C 7.87 -52.19
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4.5 Regeneration and reusability studies

Regeneration is a process in which the adsorbent is returned to its state prior to be used for
adsorption. This has to be easily performed in order to reuse the adsorbents without affecting the
viability of the process (Li et al., 2016). Thermal treatment, ultrasound and solvent extraction
method have been used to regenerate the spent adsorbent. Solvent extraction has been reported to
be the most efficient method to remove sulfur and nitrogen compounds (Han et al., 2014).
Considering there are no SOx and NOx emissions, regeneration using solvent extraction might be
consider an environmentally friendly process. Regeneration of the adsorbent is usually performed
so the adsorbent can undergo further regeneration. Reusability studies provide the necessary
information for industrial application as the adsorption process can be scale (Misra et al., 2018;
Zolotareva et al., 2019).

The reusability of adsorbents was studied at the same process conditions (1:5 adsorbent to feed
ratio, time=24 h, temperature= 22°C and 400 rpm) that were used for the screening of fresh
adsorbents. After the 24 h adsorption reaction, the adsorbent was regenerated using 3 different
solvents, chloroform, dichloromethane and carbon tetrachloride using a Soxhlet extraction set-up
shown in Figure 4.4.
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: ; = bath

L———

Figure 4.4 Schematic of Soxhlet extraction set-up used for regeneration.
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The spent adsorbent was placed inside the soxhlet apparatus on a thimble and extracted with 150
mL of solvent. During the Soxhlet extraction, the solvent was placed in a 250 mL round-bottom
flask connected to a reflux condenser in an immersed heated oil bath maintained at the boiling
point of each solvent. The extraction was carried out for 8 h, and then adsorbent was dried and

tested for reusability.

4.5.1 Regeneration and reusability studies

After the regeneration experiments, solvents were concentrated using a rotary evaporator and
analyzed for their sulfur levels. The sulfur extraction efficiencies of chloroform, carbon
tetrachloride and dichloromethane with adsorbent A (spent material) are shown in Figure 4.5.

100.00 -
S # Chloroform
g 75.00 A
= mCCl4
©
S 50.00 - =DCM
e
L
E 25.00 A
>
(2]
0.00 - (AT
Chloroform CCl4
Solvent

Figure 4.5 Sulfur removal from Adsorbent A after 8 h of regeneration with chloroform, carbon
tetrachloride and dichloromethane

The highest sulfur removal was achieved using dichloromethane. It removed 80% of sulfur
molecules that were adsorbed on adsorbent A. The reusability of adsorbent A was studied for three

times by regenerating with DCM.
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Figure 4.6 Reusability results for adsorbent A using dichloromethane as solvent

The fresh adsorbent showed 96.5% of sulfur removal. After the first regeneration, the sulfur
removal efficiency dropped by only 7%. A significant drop was noted when adsorbent A was
reused for the third time. The nitrogen analysis of the solvent extract was carried out to determine
leaching of the immobilized EDA linker and m-acceptor during regeneration with DCM. The
solvent extract of first and second regeneration contained 86.0 and 93.5 ppm of nitrogen
respectively, due to leaching of EDA and DNF. The leaching of DNF from adsorbent A is expected
to drop the number of available adsorption sites and thus its adsorption capacity after successive

regenerations.
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Chapter 5 : Conclusions and recommendations

5.1 Conclusions

The overall objective of this research work was to study the performance of m-acceptor
immobilized alumina-based materials as adsorbent for the removal of sulfur and nitrogen
impurities from liquid fuels. The goal was to improve the efficiency of hydrotreating in terms of
less catalyst loading, lower reaction temperature, and low severity conditions by using an
adsorption process as compared to typical hydrotreating process. The sub-objectives were (1) to
investigate the effects of the proposed synthesis method and its impact on the adsorbent properties
for sulfur and nitrogen compounds present in liquid fuels, and (2) to study process optimizations,

kinetics and long-term stability of potential adsorbent identified in above sub-objective.

Three different charge-transfer complex (CTC) adsorbents for desulfurization of liquid fuels were
prepared and characterized. The BET surface area measurement study evidenced the mesoporous
nature of all three adsorbents based on their textural properties; surface area, pore size and pore
volume. The FTIR, TGA and XRD studies confirmed the successful incorporation of the n-
acceptor on the support. Furthermore, adsorption experiments were conducted with a model feed
of 500 ppm sulfur. The CTC adsorbents prepared based on mesoporous alumina (Adsorbent A)
and commercial Y-alumina (Adsorbent C) showed higher sulfur removal than the Ti incorporated
material (Adsorbent B). The adsorbents successfully desulfurized the model feed used.

The poor performance of adsorbent B was due to leaching of the linker and m-acceptor in the
adsorption medium (ULSD). This does not support the hypothesis that TiO2> supported systems
show high activity. No leaching of the linker and w-acceptor was observed with adsorbents A and
C. The adsorption capacity profiles of adsorbents A and C are logarithmic with the monolayer and
multilayer adsorptions. Between adsorbent A and C, it is concluded that adsorbent C is more

suitable for sulfur removal due to the shorter equilibrium time of adsorption.

Furthermore, the optimization studies showed that the adsorption experiments should be conducted
under ambient conditions (~22°C) as high sulfur removal was observed at this temperature. The
pseudo-second-order model had the best fit with the kinetic data of all three adsorbents. From the
kinetic studies, the activation energy (Ea) values were calculated, which indicated that the

adsorption is physical in nature when adsorbents A and C are used for adsorption. The values of
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free activation energy suggested that the adsorption of sulfur compounds was a slow process.

Enthalpy values showed that adsorption on adsorbent A and C is endothermic. Entropy values

indicated that adsorbent A and C experienced no significant change in their internal structure. The

results of regeneration experiments showed that dichloromethane was relatively more effective as

a solvent for regeneration, and the adsorbent A can be reused at least three times.

5.2 Recommendations

Textural properties such as surface area, pore size and pore volume of the synthesized
supports can be improved and enhance the adsorptive desulfurization and denitrogenation
activity.

An increase of the nitrogen concentration of the batch adsorption experiments might
suggest leaching of the N-compounds (linker and m-acceptor) present in the adsorbent. The
effect of the linker and n-acceptor loading onto the support can be tested to avoid leaching
of these compounds onto the feed.

For this study, pyridine and thiophene were used as nitrogen and sulfur compounds in the
model feed. However, the presence of more nitrogen and sulfur compounds might show a
different adsorptive efficiency among the adsorbents. Introducing more nitrogen and sulfur
compounds on the feed can be explored and the affinity towards certain compounds can be
analyzed.

The used solvent should be separated from the pollutants and recycled. Also, the separated
sulfur and nitrogen compounds should be reutilized for improving the economics of the
entire process. Finally, techno-economic analysis of the entire process should be carried
out for determining the viability of this technology.
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Appendix B: Additional table of results from process parameter optimization
studies and activation energy (Ea) plots for adsorbents A, B and C

Adsorbent A

Sample Adsorbent . . Sulfur . Sulfur

name loading (g) Temperature  Time (min) concentration removal (%)
(ppm)

A22 0.75 60 166.7 69.2
B22 0.75 . 27 140.8 74.0
C22 0.25 22°C 60 236 56.4
D22 0.25 27 428.5 20.8
A60 0.75 60 177.7 67.2
B60 0.75 . 27 206.4 61.8
ce0 0.25 e0°c 60 290.4 46.3
D60 0.25 27 327.1 39.5
Ad1 0.5 43 222.6 58.9
B41 0.5 43 128.1 76.3
C41 0.5 71 215.1 60.2
D41 0.5 43 222.5 58.9
E41 0.5 41°C 43 143.8 73.4
F41 0.5 43 204.4 62.2
G41 0.5 15 238.6 55.9
H41 0.5 43 221.5 59.1
141 0.92 43 327.7 39.4
J41 0.08 43 328.6 39.3
A73 0.5 73°C 43 522.5 3.4

Figure B.1. Optimization result table for adsorbent A
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Adsorbent B

Adsorbent S S
Sample name loading (2) Temperature Time (min) concentration removal
(ppm) (%)

TAT73 0.5 73°C 43 360.9 333

Figure B.2. Optimization result table for adsorbent B
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Adsorbent C

Sulfur Sulfur
Sample  Adsorbent )
name loading (g) Temperature (min) concentration  removal
(ppm) (Wt.%)

Figure B.3. Optimization result table for adsorbent C
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Figure B.4. Activation energy (Ea) plot In Kp vs. 1/T (K-1) for adsorbent A
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Figure B.5. Activation energy (Ea) plot In Kp vs. 1/T (K-1) for adsorbent B
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Figure B.6. Activation energy (Ea) plot In Kp vs. 1/T (K-1) for adsorbent C
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Figure B.7. Free activation energy, enthalpy and entropy plots for adsorbents A, B and C
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