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Abstract

Sulfur dioxide emissions to the atmosphere have been known to cause detrimental
health and environmental effects. The currently used hydrodesulfurization (HDS)
method employed by refineries has several drawbacks, such as excessive hydrogen
consumption, high energy demand and inability to remove complex organosulfur
compounds. These drawbacks have limited its ability to produce ultra-low sulfur diesel
(ULSD) at reasonable operating and capital costs. lonic liquids (ILs) have been widely
researched in efforts to develop industrial processes that can complement or replace the
conventional HDS. However, their success has only been proven on an experimental
level with limited research conducted with regards to their industrial scale feasibility
and their integration into process simulators such as ASPEN Plus. In this work,
quantum and statistical thermodynamic calculations and property estimations methods
have been successfully combined to generate an IL database that contains all properties
necessary for simulating IL processes in ASPEN Plus using COSMO-SAC property
package for a total of 26 commercially available ILs. Upon the integration of all
components, several possible process configurations have been conceptualized and the
performance of each IL was assessed. In particular, the challenge of ionic liquid
regeneration, which has largely been ignored in literature, has also been addressed and
several potential regeneration methods have been proposed including extractive
regeneration (E-RE) and stripping regeneration using nitrogen/air as stripping media
(S-RE). The results indicated that 1-butyl-3-methylimidazolium thiocyanate is the most
promising IL among all 26 ILs under study in terms of EDS, E-RE and S-RE. It was
found that E-RE was effective in the removal of dibenzothiophene (DBT) while S-RE
was more effective in the removal of thiophene and benzothiophene (BT). As a result,
an optimized diesel desulfurization process that is a combination of all configurations
understudy has been proposed. This was necessary to obtain ULSD, maximum removal
of thiophene, BT and DBT from spent IL stream without imposing contaminants such
n-hexane, and with minimum losses of n-hexadecane (diesel). The proposed process
achieved ULSD with 6.53 PPM total sulfur, 0.06% loss of n-hexadecane, and 100% IL
recycling with the recycled stream containing 0% thiophene, 10% BT and 12% DBT.

Keywords: Ionic Liquids; desulfurization; hydrotreatment; process design.
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Chapter 1: Introduction

This chapter presents an overview, the objectives of this work, problem
investigated in this study as well as the thesis contribution. The general organization of

the thesis is outlined towards the end of this chapter.

1.1 Overview

The aim of this thesis is to investigate the technical feasibility of implementing
ionic liquid-based desulfurization on an industrial scale in oil refineries to complement
or replace existing HDS. Several possible process configurations have been
conceptualized and compared using thermodynamic and process simulation models. In
particular, the challenge of ionic liquid regeneration, which has largely been ignored in
literature, has been addressed and several potential regeneration methods have been

compared using applicable simulation tools.

1.2 Thesis Objectives

e Use simulation tools (COSMOtherm) to screen ionic liquids for their
performance in removing sulfur containing compounds from diesel.

e Integrate ionic liquids (ILs) into ASPEN Plus through the creation of an IL
database.

e Simulation analysis on a full process level (using ASPEN Plus) for a set of 26
commercially available ILs.

e Use simulation tools (COSMOtherm and ASPEN Plus) to evaluate sulfur
removal from diesel using extraction and different approaches for regenerating
the ILs.

e C(Carry out a technical analysis to determine the most viable process
configuration for industrial scale-up. This will include evaluation of the

feasibility from technical and economic viewpoints.

In particular, a technical evaluation of four process configurations have been

performed:

e Use of EDS followed by extractive regeneration (E-RE)
e Use of EDS followed by nitrogen stripping (S-RE)
e Use of EDS followed by air stripping (S-RE)

e Use of EDS followed by extractive regeneration and nitrogen/air stripping
15



1.3 Research Contribution

Few researches have comprehensively studied the feasibility of implementing
ionic liquid-based desulfurization on an industrial scale. Desulfurization processes
using ionic liquids have been widely researched on experimental basis, the

contributions of this research work can be summarized as follows:

e Integrate ILs into ASPEN Plus to enable simulation of IL-assisted processes
using COSMO-SAC property model.

e Propose several process configurations that can be used to efficiently remove
sulfur containing compounds from diesel using a set of commercially available
ionic liquids.

e Complement the desulfurization process with appropriate regeneration method

to conceptualize an optimized industrial scale process.

Therefore, this detailed study on the scale up, process configurations and
regeneration techniques will provide new insight in order to realize the full potential of

ILs within desulfurization processes.

1.4 Thesis Organization

The rest of the thesis is organized as follows: Chapter 2 provides an extensive
literature review about ionic liquids, their applications, regeneration methods and
environmental concerns and process design and economic consideration. In addition,
results from several studies with regards to ionic liquids desulfurization efficiencies
using various methods are discussed. The drawbacks, current developments, and
limitations with regards to conventional HDS and IL based methods are also addressed.
The employed methods and algorithms for quantum and statistical thermodynamic
calculations using COSMOtherm are discussed in Chapter 3. Chapter 4 presents the IL
database creation methodology and the integration of the ILs into ASPEN Plus. Chapter
5 is divided into five sections, the first section describes the methodology employed to
carry out the ASPEN Plus data validation, the second section is dedicated to the
methodology, results and discussion of extractive desulfurization and extractive
regeneration. The simulation study on the extractive desulfurization coupled with
regeneration using stripping is discussed in the third section of Chapter 5. The fourth
section of Chapter 5 presents an optimized and combined process for the desulfurization

of diesel and regeneration of ILs and the last section of Chapter 5 discusses the possible
16



sources of error in simulation results. Finally, Chapter 6 concludes the thesis and

outlines the recommendations and future work.
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Chapter 2. Background and Literature Review

Burning of fossil fuels, such as natural gas, oil and coal, is the main source of
sulfur dioxide emissions to the atmosphere. Sulfur dioxide has adverse health effects;
it irritates the respiratory tract, increases the risk of tract infections and it worsens
conditions such as chronic bronchitis and asthma. In addition, sulfur dioxide released
upon combustion of fossil fuel derivates such as gasoline and diesel interact with water
forming sulfuric acid that contributes to acid rain, severely impacting the environment
through acidification of waterways, deforestation and corrosion of building structures
and materials. Regulating bodies such as the US EPA as well as industry standards
developed by the ASTM have issued mandatory environmental standards in efforts to
reduce sulfur content in diesel from 500 ppm in October 1993 to 15 ppm in June 2006
[1]. In the European Union, specifications allowed a sulfur content of 2000 ppm in the
1990s, the limit was reduced to 50 ppm in 2006 and the current standard in force is 10
ppm effective since 2009 [2]. The UAE federal cabinet has issued a decision forcing
organizations to distribute only ultra-low sulfur diesel, containing less than 10 ppm

effective since 2013 [3].

Hydrodesulfurization (HDS) is the conventional method used to remove sulfur
from liquid oil during petroleum refining processes. The process can efficiently remove
elemental sulfur compounds such as sulfides, thiols and thiophenes but it has proven
relatively ineffective in the removal of organosulfur compounds such as
benzothiophene, dibenzothiophene and their derivatives. To achieve the desired level
of sulfur removal, more stringent operating conditions are required, imposing greater
energy demands and costs when relying solely on the use of conventional HDS. HDS
has several disadvantages, including harsh operating conditions, large amounts of H»
and has been proven ineffective in the removal of high MW sulfur compounds. As a
result, several studies have been conducted proposing alternative and complementary
processes to conventional HDS to achieve the desired levels of sulfur with the lowest

possible energy demands, capital and operating costs.

ILs are green organic solvents that are composed of ions and exist in a liquid
state at moderately low/ambient temperatures. ILs possess distinguishing properties
that enables them to be used in a variety of applications. In addition to their application
as catalysts and solvents for desulfurization and denitrogenation of liquid fuel, ILs have

18



been widely used in carbon capture and storage [4], as solvents/cosolvents and reaction
mediums in biotransformation processes such as the production of biodiesel [5], and
recovery and selective extraction of precious metals and metals [6[7][8][9]. ILs have
also been used in water treatment [10][11][12] and electrochemical synthesis of battery
electrodes [13][14]. Additionally, ILs successfully demonstrated a proof of concept
within biomedical and pharmaceutical industries depicting promising results as
alternative media for synthesis of pharmaceutical drugs, drug delivery and green

approach to medical waste handling and disposal [15][16] [17].

ILs have successfully been used as solvents for organic and non-organic
compounds. Unlike conventional organic solvents they possess low vapor pressures
enabling them to dissolve numerous compounds and their immiscibility allows them to
be good alternatives for two phase extractions systems [18]. In addition, their high
thermal stability and chemical stability has enabled their application in catalysis [19].
Their exceptional properties and possibility of recyclability and regeneration has drawn
continuous efforts to develop them as environmentally benign/green solvents to be used
as extraction and reaction media in recent research. The most important quality of ILs
is the possibility to be tailored to meet certain tasks; it is relatively easy to discover and
tailor ILs by varying just the cation, anion or both. However, the challenge is to
determine the practicality of the tailored ILs as a catalyst or as a solvent which requires

extensive investment in the field of research and development to enable industrial scale

up.

Despite that the use of ILs as extractants/catalysts has been found to be a
promising alternative to conventional HDS, the drawbacks of ILs, such as high
viscosity, high cost, complex preparation, and lack of integration into process

simulation packages have limited their further application on an industrial scale.

2.1 The Definition of Ionic Liquids

ILs are comprised of a combination of cations and anions that exist at a liquid
state under ambient and moderately low temperatures. The IL cation is usually
asymmetrical and organic. The cation center usually has a positively charged nitrogen
or phosphorus. IL anions can be organic or inorganic, with a usually diffuse or protected
negative charge [20]. The most commonly used cations are based on ammonium,

imidazolium, piperidinium, pyridinium, pyrrolidinium, phosphonium and sulfonium,
19



with alkyl chains attached. Some of the most used anions include bromide, chloride,
iodide, triflate, bis(trifluoromethylsulfonyl)imide, phosphate, acetate, sulphate and
thiocyanate. In some cases, other functional groups are added to either the cation or
anion to create an IL with the desired properties. Tables 1 and 2 summarize the structure

and chemical formulas of the cations and anions listed above.

Table 1: Commonly used cations

Name Chemical Structure Chemical Formula
Ammonium H H NHs*
H ’N‘d
*H
Imidazolium C3HsN2*
H
N
»
+
N
H
Piperidinium CsHi2N*
N
H*H
Pyridinium CsHeN*
a
Nt
N
H
Pyrrolidinium CsHioN*
;N\
H*H
Phosphonium
"
H\ y H4P
P
H “H
Sulfonium HsS*
H + H
:
H
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Table 2: Commonly used anions

Name Chemical Structure Chemical Formula
Bromide - Br
Chloride - Cl
Iodide - I
Triflate
(trifluoromethanesulfonate) o F F CF;038
AN
S
o7\ F
[0}
bis(trifluoromethylsulfonyl)imide NS204Fs
F
FEXY
Y
Phosphate O4P3
0\- o
o
07\
0-
Acetate o YO C2H302"
Sulphate o- 0482
O
\ o~
07\
0
Thiocyanate CNS-
- S
C
NF

Another class of ILs is protic ILs. They contain transferable protons, and can be
formed by proton transfer between Brensted acid and a Brensted base [21]. This
transfer affects the physical properties such as melting points and vapor pressures [22].
In addition to desirable properties that conventional ILs hold, protic ILs have their own
advantages such as low cost, low viscosity, easy synthesis and purification, and many
are environmental benign [23]. Protic ILs have been widely investigated in

desulfurization. Despite both cations and anions having an influence on the extraction
21
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efficiencies, it has been shown that cations have a greater impact in removing sulfur

compounds during desulfurization processes [24].
2.2 Methods for the Desulfurization of Diesel using Ionic Liquids

2.2.1 Conventional diesel desulfurization method (HDS). Crude oil contains up
to 0.25-4 wt% elemental sulfur and organosulfur compounds [25]. This must be reduced
to 10 ppm during the refining process, as per the latest regulations. HDS is the
conventional method used to remove sulfur from liquid oil during petroleum refining
processes. It is a catalytic process which converts elemental sulfur and organosulfur
compounds such as thiophene (C4H4S), benzothiophene (CsHesS) and dibenzothiophene
(C12HsS) to hydrogen sulfide (H2S) by reaction with hydrogen. The general reaction is

shown in Equation (1)

Feedsyfyr ricn + Hy — Hydrocarbon product + H,S (1)

The various types of sulfur compounds encountered in crude oil are summarized in

Table 3.

Table 3: Important sulfur compounds encountered in crude oil

Thiols Sulfides Disulfides Thiophenes Benzo-thiophenes | Dibenzo-thiophenes

S S

T R”S_S"R' @ BN @
-

Decreasing order of reactivity in HDS

v

Increased difficulty of removal in HDS

Figure 1 shows the process flow diagram for a typical HDS process. The
reaction takes place at elevated temperatures and pressures, typically between 290-
455°C and 10-207 bar respectively [26]. The gas oil feed comes from the crude oil
distillation unit or from storage tanks into a feed surge drum that settles entrained water.
The feed is then pumped and mixed with hydrogen makeup and recycle streams to be
preheated. The preheated stream flows into a fired heater, where the temperature is

increased to required reaction temperature, and then enters a packed bed reactor. The
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reaction taking place in the packed bed reactor is exothermic and is catalyzed by cobalt
molybdenum, or nickel molybdenum in the case where nitrogen removal is also
required. The reactor effluent is first used to preheat the feed stream and then flows to
the high temperature separator, where the H>S and the hydrocarbon products are
separated into the vapor and liquid phases respectively. The vapor phase rich in H»S is
cooled and enters a three-phase low temperature separator. The vapor phase from the
low temperature separator is sent to an amine absorber where H»S is absorbed in amine
solution then sent to acid gas recovery unit and H»S-free effluent which is mainly
hydrogen flows to recycle through recycle drum and compressor. The liquid stream is
preheated, mixed with high temperature separator liquid stream and flows to a stripping
column. The stripping column operates by medium pressure steam injection. The
stripping column overhead product is cooled and enters a reflux drum where three phase
separation of sour water, vapor distillate which flows to acid gas recovery unit and
liquid hydrocarbon pumped back to stripping column as reflux. The stripping column
bottoms which contains the hydrocarbon are cooled and sent to a coalescer to remove

entrained water after which the hydrocarbon is sent to storage.
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Figure 1: Process Flow Diagram for a Typical HDS Process (Adapted from [27], [28])
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2.2.2 Need for improved diesel desulfurization methods. Extreme operating
conditions are required for efficient desulfurization using the HDS method. To achieve
the desired level of sulfur removal, high temperatures and pressures are required for
operating the reactor, which results in excessive capital and operating costs. The high
temperatures also cause rapid increase in coke formation that leads to a reduction in
catalyst life. During the course of operating cycle, temperatures are further increased to
compensate for catalyst deactivation and to maintain desired product quality. Once the
catalyst is deactivated, the unit is scheduled for shutdown to replace, or regenerate, the
used catalyst. High pressure is required for efficient desulfurization as it favors the
reaction while also helping to increase catalyst life. However, higher operating
pressures may also cause an increase in olefin (alkenes) saturation, which reduces the
quality of the obtained gasoline/diesel due to its impact on octane rating [25]. Operating
at very high pressure also leads to excessive equipment costs, with vessels requiring
much greater wall thickness or expensive alloys. Moreover, while HDS efficiently
removes elemental sulfur compounds such as sulfides, thiols and thiophenes, it has
proven ineffective in the removal of organosulfur compounds such as benzothiophene,
dibenzothiophene and their derivatives. Organosulfur compounds are difficult to
remove using conventional HDS due to their sterically hindered structure, which
requires saturation to break their aromaticity, allowing the molecule to twist so that the
catalyst surface may access the S atom and removes it [29]. Thus, the aim of much
industrial research is to improve catalyst activity in terms of hydrogenation and
successive desulfurization of sterically hindered organosulfur compounds to achieve

the stringent guidelines with respect to desired sulfur levels and product quality [30].

Furthermore, economic considerations have limited the application of 100%
conversion in the HDS process, despite the fact that it has been proven to be
thermodynamically viable [25]. For instance, US EPA has predicted the decrease of
sulfur content of 25,000 BPSD from 500 ppm to 15 ppm would require 2 times increase
in capital cost, 3 times increase in catalyst cost, 1.5 increase in hydrogen consumption
and 3 times increase in electricity consumption [25]. The development of new,
improved and cost-effective technologies for sulfur removal is becoming increasingly
important for obtaining high quality commercial diesel that meets the stringent

environmental requirements of today. Several alternative processes to HDS including
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advanced HDS processes, adsorption, extraction, oxidation, and biodesulfurization

processes are being developed to overcome difficulties imposed by conventional HDS.

Adsorption can be used for desulfurization of diesel by selecting proper solid
adsorbent material that possess high selectivity towards organic sulfur compounds.
Two adsorption mechanisms have previously been proposed in literature including
physical/chemical adsorption on the surface of adsorbent and reactive adsorption where
the organic sulfur compounds react with chemical species present on the surface of
adsorbent. Materials used as adsorbents include zeolites, activated carbon, metallic
oxides and porous metals [31]. In addition to their high cost, the shortcomings of the
mentioned adsorbents are the requirement of large amount and high operating
temperatures to achieve the desired efficiency and stability, and the problem of

regenerating or disposing of the spent adsorbent.

Extractive desulfurization is another proposed alternative to HDS. In order for
the process to be effective, appropriate solvents having mutual immiscibility with the
oil and high solubility towards the sulfur compounds must be selected. Ease of solvent
recovery and recycling is also important from an economic viewpoint. The advantages
of extractive desulfurization are the possibility to run the process at ambient
temperatures and pressures, allowing the hydrocarbon compounds to remain intact, and
the use of conventional, relatively low cost, industrial equipment. Satisfactory
desulfurization efficiencies through extraction have been achieved using sulfolane,
acetone, ethanol and polyethylene glycol as solvents [31]. However, the used of the
mentioned solvents results in limited sulfur removal, large loss of oil yield and requires

high solvent-to-oil ratio [32].

Oxidative desulfurization using several oxidants and selected catalysts have also
been proposed as an alternative to conventional HDS. Numerous studies were deemed
effective in the removal of organic sulfur compounds using oxidizers including nitrogen
oxides, peroxides (H20z) and tert-butyl-hydroperoxide (TBHP) with catalyst support.
The advantage of using oxidative desulfurization using ILs in comparison to
conventional HDS include the requirement of mild operating conditions and it avoids
the consumption of large amounts of hydrogen. Photochemical extractive
desulfurization has also been proposed in several studies [31]. The process combines

extraction of organic sulfur compounds using acetonitrile and photochemical reactions
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assisted by photosensitizer species in a specially designed photoreactor. The polar
sulfur compounds are oxidized and are consequently rejected by the nonpolar
hydrocarbon phase and concentrated in the solvent [31]. Although it was claimed that
this process removes more than 99% of sulfur compounds, the process is complicated
and will impose greater capital costs than conventional HDS as the aromatics,
photosensitizer, and desulfurized hydrocarbon stream must be recovered in separate
side processes [31]. For the most part, these alternative desulfurization processes are
still being widely researched and developed in laboratories establishing their theoretical
viability and indicating that their widespread application is impending and they will

soon find their place on the market.

The role of ILs in desulfurization of diesel has been a topic of recent interest due
to their adaptability and unique properties which enabled their application in the
petroleum refining industry. Many studies have demonstrated significant results in
utilizing ILs in extractive desulfurization (EDS), oxidative desulfurization (ODS) and
immobilized as adsorbents for adsorptive desulfurization (ADS). Moreover,
noteworthy results were depicted by combining the preceding methods. Continuous
efforts are being made to enable scale up of such processes to replace the conventional
HDS process. The advantage of utilization of ILs in desulfurization processes is their
superior ability to remove organosulfur compounds such as thiophene, benzothiophene,

dibenzothiophene and its derivatives, compared with the conventional HDS method.

2.2.3 Extractive desulfurization of diesel using ionic liquids. Most extraction
processes are performed using organic solvents that are often toxic and volatile such as
acetonitrile, methanol, sulfolane and n-methyl-2-pyrolidone [33]. The unique
properties of ILs, such as low volatility and, in many cases, low toxicity, combined with
high selectivity towards sulfur compounds, has enabled their utilization as safe and
environmentally friendly extractants for desulfurization of fuels. Several studies have
presented the advantage of using ILs as extractants that resulted in simple and efficient

sulfur removal operations.

Zhang et al. [34] demonstrated the remarkable extraction capacities of ILs
towards aromatic sulfur compounds. They examined the extraction capacities of four
commercially available ILs, 1-methyl-3-methylimidazolium tetrafluoroborate

[Cimim][BF4], 1-ethyl-3-methylimidazolium tetrafluoroborate [Comim][BF4], 1-butyl-
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3-methylimidazolium tetrafluoroborate [Csmim][BF4], 1-butyl-3-methylimidazolium
hexafluorophosphate [Csmim][PF6]. It was found that the extraction capacities was
directly proportional to the length of alkyl chain, for instance, [C4smim][BF4]
demonstrated the higher extraction in comparison to [Comim][BF4] noting that the
increase of the alkyl chain from C; to Cs4 resulted in nearly a 2 times increase of the
extraction capacity for thiophene. Moreover, increasing the anion size from
[Csmim][BF4] to [Csmim][PF6] resulted in greater extraction capacity of DBT but
almost equal extraction of DMDBT which is more difficult to remove in comparison to
DBT due to methyl substitution [34]. Dharaskar et al. [35] studied the extraction
capacities of I-butyl-3-methylimidazolium thiocyanate [Csmim][SCN]. Their
experiments resulted in removal of 86.5% DBT under mild temperature of 30 °C. Their
results demonstrated that the extraction capacity increased as extraction time was
increased, until equilibrium was reached and no further reduction in sulfur
concentration was noted after 30 min. Moreover, increasing the temperature increased
the extraction efficiency initially but then no significant improvement was noticed once
the temperature exceeded 30 °C. Low sensitivity to temperature was also noted in other
extraction systems such as [Cspy][BF4], [C4mim][PF6], [Csmim][PF6], [CsaMpyrr][
NTHt:]:sulfolane and[CsMpyrr][ NTt:]:glycol [35] [36] [37]. Kiran et al. [38] tabulated
the extraction efficiency at different temperatures; it was noted that as temperature
increases extraction efficiency increases, decreases and then stabilizes. They deduced
that the best desulfurization efficiencies are obtained within the temperature range of

25-40°C, beyond which the role of temperature becomes insignificant.

2.2.4 Oxidative desulfurization of diesel using ionic liquids. In ODS, sulfur
compounds are oxidized to sulfones, which are then removed by suitable separation
techniques such as extraction. ODS has been proven effective in the removal of

organosulfur compounds and their derivatives in comparison to conventional HDS.

Despite the fact that ODS does not require the use of hydrogen, it still needs
solvents such as acetonitrile, N,N-dimethylformamide (DMF), methanol, furfural,
dimethylsulfoxide (DMSO) and N-methyl pyrrolidone (NMP) [39]. These solvents
have high volatility which causes negative environmental impact. Examples of the
oxidants used in ODS are hydrogen peroxide (H20>), formic acid, acetic acid, O and

tert-butyl hydroperoxide [40]. Among these oxidants, H>O: is favored due to its low
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cost, low environmental impact and commercial availability. Several works have
proposed the use of ILs as solvents, catalysts and extractants to remove sulfur
compounds post oxidation. Lo et al. [41] investigated the desulfurization efficiency by
a combination of both chemical oxidation and solvent extraction using 1-butyl-3-
methylimidazolium  hexafluorophosphate  ([Csmim][PF6]) and  1-butyl-3-
methylimidazolium tetrafluoroborate ([C4mim][BF4]). They achieved an increased
desulfurization yield by about an order of magnitude relative to extraction only. Zhang
et al.[36] investigated N-carboxymethylpyridine hydrosulphate [CH,COOHPy][HSO4]
as extractant and catalyst using H>O> as oxidant. Their results demonstrated 99.7%
sulfur removal from model oil at molar ratio H2O»/S = 6:1, volume ratio of IL/0il 0.6:10
and 7= 50 °C within 40 min. Jiang et al. studied [42] combined extraction-oxidation
using eight amide-based ILs out of which caprolactamium trifluoroacetate
[HCPL][TFA] demonstrated remarkable results by achieving 100% conversion of BT
and DBT at ILs/oil=1:1, H20,/S =6:1, T=50°C within 15 min and 5 min
respectively. Temperature has been identified as an important parameter in ODS.
Oxidation reactions are generally carried out at 35-90 °C [43]. Zhang et al. [36]
demonstrated that increasing the temperature from 30°C to 50°C greatly increased
sulfur removal rate, however, no noticeable change was noted above 50°C. Similarly,
Jiang et al. [42] reported that the optimal temperature was 50°C. Beside the expected
direct effects improving reaction rate and kinetics, the use of higher temperatures was
also investigated because of its anticipated effect to reduce the viscosity of ILs,
therefore permitting better diffusion of sulfur molecules and thus improving the
extraction process. Other studies noted that efficient extraction-oxidation process can
take place at room temperatures. Andevary et al. [44] prepared [Csmim][FeCl4] IL by
which 100% of BT and DBT, and 99% of 4,6-DMDBT were easy removed at molar
ratio H>O2/S = 5:1, volume ratio of IL/oil 1:10 at room temperature within 15 min. Gao
et al. used 1-butyl-3-methylimidazolium hydrogen sulfate ([C4smim][HSO4]) IL that
achieved 99.6% sulfur removal in 90 min at molar ratio H>O»/S = 5:1, volume ratio of
IL/oil 1:2 and room temperature [45]. Moreover, it was noted that increasing the oxidant
ratio results in higher sulfur removal; increasing reaction time results in higher sulfur
removal but reaction time higher than 2 h decreases sulfones concentration due to their

oxidation into sulfates, which may have negative effects on the process, while

28



temperature dependence is entirely dependent on the type of IL where their respective

viscosities play a role [43].

2.2.5 Desulfurization of diesel using immobilized ionic liquids.
Desulfurization using immobilized ILs has received wide attention mainly because it
reduces the quantity of expensive ILs required. This is due to the fact that
immobilization involves depositing ILs as thin films on a solid support material
compared with the bulk liquid phase required for extraction and ODS. Two methods
are used as general approaches to immobilization of ILs for ODS: Supported IL-Phase
(SILP), where the IL containing catalytically active component, transition metal
complex or metal nanoparticles, is adsorbed on a surface of porous support; and
supported IL catalyst (SILC) where an IL layer with a catalytically active metal

complex as the anion is created on the surface of the support [46].

One of the promising techniques of using immobilized ILs is their integration into
ODS. Li et al. [47] demonstrated the use of 1-butyl-3-methylimidazolium iron chloride
([Csmim][FeCls]) in ODS which led to higher DBT removal (99.2% ) in comparison
to EDS using the same IL. Encapsulation is another technique that has been
implemented by several researchers. This technique can also be considered a form of
immobilization, where an IL is encapsulated within carbon submicrocapsules or
mesophorous silica, for example [48]. Xun et al. [49] embedded [Csmim][FeCls] in
silica gel in efforts to reduce the required amount of IL and ease the
recycle/regeneration process. Their results showed a sharp decrease in amount of
[C4mim][FeCl4] required to achieve 97.3% sulfur removal via the ECODS method at
30°C. Ding et al. [50] followed a similar approach, using 1-methyl 3-trimethoxysilyl
propyl imidazolium chloroferrate imbedded within mesoporous silica SBA 15, resulting
in slightly lower sulfur removal (94.3% ) at longer reaction time (1.5 hours) and similar
experimental conditions. Mirante et al. [51] studied ECODS utilizing
phosphomolybdates, containing 1-butylpyridinium ([Cspy]3[Pmo12040]) and 1-butyl-3-
methylimidazolium ([Csmim]3[Pmo12040]) ) functionalized mesoporous silica
nanoparticle composite as catalysts and [Csmim][PF6] as extractants where complete
desulfurization was achieved using both phosphomolybdate catalysts within one hour
at 70°C. A hybrid material of an ordered mesoporous silica encapsulated

polyoxometalate-based ionic liquid [C4smim]3PW2040 was found to be very stable,
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removing up to 93% sulfur at ambient conditions after seven recycles, without notable

decrease in activity [52].

Various other studies reported high sulfur removal using immobilized ILs in
ODS. Li et al. [53] were able to achieve 98.7% sulfur removal using SiO, modified
with  1-propyl-3-triethoxysilyl-3-methylimidazolium  chloride IL  supported
phosphomolybdate (Pmo/ILSi02) within one hour only. Also, Zhang et al. [54] showed
that [Csmim]3Pmo/SiO; had excellent catalytic activity for the removal of sulfur
without any additional extractants and could still reach sulfur removal of 93% after
seven cycles. Several other works have demonstrated that IL supported catalysts can
achieve high sulfur removal [54 - 56]. In addition to the predominant factors affecting
sulfur recovery, such as selection of appropriate IL and support materials, it was shown
that temperature and catalyst loading are important for ODS via immobilized ILs. The
optimum temperatures were noted to be in the range of 30-70°C. Oxidation of sulfur
compounds are limited by reaction kinetics and H»O utilization rate as high
temperature favors the oxidation process but may lead to invalid H.O»> decomposition
which will eventually require excessive amounts of H>O, for complete desulfurization
[58]. It was observed that an increase in catalyst loading will increase sulfur removal to
a certain extent, above which the trend is reversed. The decline in substrate adsorption
performance at higher catalyst loading may be due to blocked mesopores reducing the

exposure of the active sites and impacting the efficiency of sulfur removal.

2.2.6 Desulfurization of diesel using protic ionic liquids. Protic ILs are those
which possess proton-donor and proton-acceptor sites [59]. This characteristic of protic
ILs allows them to form a hydrogen bonded network, which is a key property
influencing their ability to perform desulfurization with high efficiency. Recently, this

class of ILs has received wide attention due to low cost and ease of synthesis.

Lu et al. [60] investigated the desulfurization efficiency of N-methyl-2-
pyrrolidonium carboxylate [Hmpy][HCOO]. This IL proved to be effective as an
extractant and possessed high catalytic activity during oxidation of the corresponding
sulfones resulting in 99% DBT removal at 50°C, Vpi/Vor=1:10, H>02/DBT=5:1
within 3 hours with recycle up to 5 times without loss in activity. Owing to its dual
catalyst-solvent action, [Hmpy][HCOO] in ECODS may provide a novel approach to

deep desulfurization if immobilized on a suitable support, to allow minimal use of the
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IL and enable the use of a fixed catalyst bed to reduce the challenges of IL recovery.
Fonseca et al. [61] studied morpholine carboxylate ([morph][HCOO]) and N-
methylmorpholine carboxylate ([Nmorph][HCOO]) ILs using extraction only and
noted 99.44% sulfur recovery using [Morph]HCOO in 3 extraction stages and a 1:1
volume ratio. No improvement in sulfur recovery with increase of alkyl chain length
to [Nmorph][HCOO] was observed. The extraction efficiency was also demonstrated
by Wang et al. [23] using trialkylamine-based protic IL tris(3,6-dioxaheptyl)
ammonium salicylate [TDA][SA] and noted 72.68%, 76.31%, and 83.94% removal for
TH, BT, and DBT respectively at 25°C and 1:1 Vi./Vor in one cycle within just 5
minutes. This work is of significant importance as it demonstrated that protic ILs could
achieve above 70% removal efficiencies of the sulfur by a single extraction, which is

much higher than the corresponding traditional ILs.

In both the studies by Fonesca et al. and Wang et al. it was found that increasing
contact time led to an increase in the absorption capacity until an equilibrium is reached,
which is similar to the observations for IL extractive desulfurization. However, it was
noted by Wang et al. that equilibrium is achieved faster using protic ILs in comparison
to other traditional ILs [23]. In addition, it was highlighted earlier that an increase in
temperature increases desulfurization efficiencies and the optimum desulfurization
efficiencies were achieved at temperature ranges of 25-40°C for extractive
desulfurization. The same trend applies to protic ILs except that optimum
desulfurization efficiencies using protic ILs were found to occur when temperatures are
on the lower side of the range (25°C) [23] [38]. With regard to ECODS and ODS
method, similar trends were noted with respect to temperature, time and amount of
H>0O; irrespective of the type of IL used (protic vs. aprotic). Increasing reaction time
increases sulfur recovery up to a certain time where removal is compromised due to
increased concentration of sulfones [60]. In addition, an increase in temperature initially
improves the reaction but eventually causes H.O> decomposition, beyond which the
sulfur recovery will be affected. HO> decomposes to water and oxygen at temperatures
ranging 100 to 280°C. Operating outside the mentioned temperature range introduces
contaminants such as water and oxygen which may affect the overall integrity of the
sulfur removal process. Furthermore, Increasing the amount of H2O> will leads to

increased sulfur recovery.
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2.2.7 Critical discussion of EDS, ODS and ECODS methods. Various ILs
have been compared in terms of desulfurization efficiency with respect to controlling
factors such as optimum IL/oil ratios, extraction time and temperatures using EDS and
other factors such as presence of catalyst and oxidant/sulfur ratios using ODS and
ECODS. Table 4 shows the extraction efficiencies of various ILs reported in literature.
As expected, increasing the IL/oil ratio increases the desulfurization efficiency. For
instance, increasing the IL/oil ratio of [C4mim]SCN from 1:3 to 1:1, while keeping all
other factors constant, caused an increase in desulfurization efficiency from 79.1% to
86.5 % respectively [35]. However, higher IL/oil ratio means higher cost; this is

particularly important when it comes to industrial applicability of EDS process.

Most EDS processes reported in literature occur at mild operating temperatures,
typically between 25-70 °C, as reported in previous literature. In comparison to
conventional HDS, the mild operating temperatures are a particular advantage as they
are associated with lower energy consumption. Moreover, desulfurization efficiencies
dropped from 16.5% to 12.2% by replacing the anion as shown by [Csmim][BF4] and
[Csmim][PF6] and a similar trend was noticed by [Csmim][BF4]. With [PF6] and [BF4]
having diameters of 2.4 A and 2.2 A respectively, one would assume that that [PF6]
would result in better extraction efficiency, by absorbing more of the sulfur compounds
[34]. While that is true, Zhang et al. [34] study showed that the using [C4mim][PF6] as
extractant results in lower yield in comparison with [Csmim][BF4], making [BF4] a
better option for the anion. With respect to the cation, it was affirmed by the results
depicted in Table 4 that increasing the alkyl chain from [C4smim][BF4] to [Csmim][BF4]
increased the desulfurization rate from 16.5% to 22% respectively, and the same trend

was shown by [Csmim][PF6] and [Csmim][PF6].

The highest desulfurization rates recorded in the previous studies listed in Table
4 using EDS were 86.5% using [C4mim][SCN] and 83.94% using [TDA][SA]. Also,
one can say that amine based protic ILs have shown the highest desulfurization
efficiencies and in shorter extraction times in comparison to the other ILs tested using
EDS. Shorter extraction times and high desulfurization efficiencies depicted by protic

ILs make them very promising for industrial desulfurization applications.
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Table 4: Extraction efficiency of ILs reported previously for EDS

IL h/:;zj(igo TCO compsound DE(%) ”ll::ixntl?(cr::?l?) Ref.
[TDAJ[SA] 11 25 TH 72.68 5 [23]
BT 76.31 [23]

DBT 83.94 [23]

[ChCI|[Pr] 3:1 25 DBT 64.6 10 [23]
[TEA][OHBA] 1.5:1 25 TH 59.08 30 [23]
DBT 81.04 [23]

[Capyl[FeCLi] 8:1 40 DBT 95.3 10 [62]
[C12mpip] [FeCly] 0.2:1 45 DBT 55 10 [62]
[Csmim][ZnCly] 11 25 DBT 36.5 5 [23]
[Csmim][HSOy] 11 25 DBT 30.6 n/d [23]
[Camim][SCN] 1:1 25 DBT 66.1 30 [23]
[C4mim][NO3] 1:1 25 DBT 74.1 60 [62]
[Csmim][N(CN),] 11 25 DBT 66.1 n/d [23]
[Cmim][N(CN)] 11 25 DBT 68.9 20 [62]
[Comim][N(CN);] 1:1 25 DBT 56.5 20 [62]
[Csmpy] [N(CN),] 1:1 25 DBT 78 60 [62]
[CsMTH][N(CN)] 11 25 DBT 56.5 20 [62]
[C4mpyrr][N(CN);] 1:1 25 DBT 64 60 [62]
[Csmim][NO;] 11 25 DBT 94.9 60 [62]
[DMAPN][Pr] 11 25 DBT 62.5 20 [23]
[DMEE][Pr] 11 25 DBT 59.38 n/d [23]
[DMEA][Pr] 41 25 BT 81.9 30 [23]
TH 77.4 [23]

[DBU][Im] 11 25 BT 61.2 10 [23]
DBT 79.2 [23]

[Cmim][SCN] 11 30 DBT 86.5 30 [35]
[Cmim][SCN] 13 30 DBT 79.1 30 [35]
[Comim][BF4] 15 25 DBT 12 30 [34]
[Comim][BF4] 1:2.5 70 DBT 16.5 180 [63]
[Csmim] [BF] 1:2.5 70 DBT 2 180 [63]
[Cmim][PF6] 1:2.5 70 DBT 12.2 180 [63]
[Csmim][PF6] 1:2.5 70 DBT 18.5 180 [63]
[Capy][NO;] B 25 DBT 68.2 60 [62]
[THTDP|CI 13 30 DBT 81.4 60 [62]
[Cspyl[BF:] B 40 DBT 99.64 30 [62]
[THTDP][BFy] 1:1 30 DBT 85.6 30 [62]

ODS generally operates at higher temperature ranges than EDS, preferentially

between 30-70 °C to favor sulfur removal rate. Temperature above 100°C may lead to
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oxidant degradation and decreasing the desulfurization rate. Despite the requirement
for higher temperature, it is still significantly milder than the temperature requirements
of HDS. ODS in the presence of ILs such as [Csmim][PF6] and [Csmim][PF6] without
the presence of catalysts have shown higher desulfurization efficiencies than ODS using
catalysts only such as tungsten based [WO(O2)2-Phen-H>O] and molybdenum based
[MoO(Oz)2-Phen] at same operating conditions. The same cannot be deduced for
[Csmim][BF4] and [Csmim][BF4] which is in contrast with results obtained in EDS,
where [BF4]™ anion resulted in higher desulfurization efficiency. As seen in Table 5, in
ODS [Csmim][PF6] resulted in 58.5% desulfurization efficiency in comparison to 30%
achieved by [Csmim][BF4]. Similar to results obtained using EDS, an increase in alkyl
chain from [C4smim][BF4] to [Csmim][BF4] increased the desulfurization efficiency

from 30% to 33.8% and for [C4smim][PF6] to [Csmim][PF6] from 58.5% to 63%.

Table 5: Desulfurization efficiency of ILs reported previously for ODS

Oxidant ll\gfz T s DE E“;:;Z"’" et
O, 0,

IL Catalyst H>0,/S IL/OIL (°C)  compound (%) o)
[Csmim][BF,] 10:1 1:2.5 70 DBT 30 180 [63]
None Tungsten Based 10:1 70 DBT 50.3 180 [63]
None Molybdenum 10:1 70 DBT 416 180 [63]

based
[Csmim][BF,] 10:1 1:2.5 70 DBT 33.8 180 [63]
[Cimim][PF6] = (ODAPWI1) n/d 1:1 70 DBT 100 70 [62]
[Csmim][PF6] gC4H9)4N]6M°7 n/d 1:10 50 DBT 99 120 [62]

24

[C4mim][PF6] 10:1 1:2.5 70 DBT 58.5 180 [63]
[Csmim][PF6] 10:1 1:2.5 70 DBT 63 180 [63]
[Csmim|[PF6] | [MMPSEPWI e 100 15 30 DBT 100 60

040-2H20

[62]

[(CH3)sN(CHa):
[Csmim][PF6] OHRj[HoaKoaN |-y 1:10 60 DBT 100 360 [62]

a.6(H

20)6][Imo6024]

Since the introduction of ODS method has shown a positive outcome on
desulfurization efficiency, many researchers have combined EDS and ODS into the
ECODS process, which has demonstrated a significant increase in desulfurization
efficiency. For instance, when [Csmim][PF6] was used in ECODS with a Tungsten

based catalyst, a two-fold increase was noted in desulfurization efficiency that reached
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up to 97.3% under the same operating conditions, as shown in Table 6. Many
researchers have also attempted to eliminate the use of catalysts and reduce the oxidant
ratio using dual effect ILs that act as both catalysts and extractants simultaneously. As
shown in Table 6 [C4smim][HSO4] achieved almost complete desulfurization using half
the amount of oxidant, milder temperatures and reduced time in comparison to
[Csmim][PF6] and [Csmim][BFs4]. In addition, [Csmim][FeCls] was superior to
[Csmim][BF4] and [Csmim][PF6] in terms of lower oxidant ratio, IL/oil ratio,
temperature and rate of desulfurization. Other noteworthy ILs depicted in Table 6 such
as [HCPL][TFA] and [Hnmp][HCOO] demonstrated complete desulfurization at mild

operating conditions.

Table 6: Desulfurization efficiency of ILs reported previously using ECODS

Oxidant 11\1/;1:2 T s DE  Extraction
0, o q q
IL Catalyst H>0,/S IL/OIL (°C) compound (%) Time (min)
[Comim][BF,] | Lunesten 10:1 125 | 70 DBT 98.6 180 [63]
Based
Molyb
[Csmim][BF;] olybedum 10:1 125 70 DBT 93 180 [63]
based
[Cymim][BF,| | |unesten 10:1 125 70 DBT 90.5 180
Based
Molybed
[Csmim][BF;] oybecum 10:1 125 70 DBT 68.6 180 [63]
based
Tungsten
Cymi : 2. .
[Cmim|[PF6] 7 10:1 125 | 70 DBT 95.7 180 [63]
Molybed
[Csmim][PF6] oybecum 10:1 125 | 70 DBT 96.9 180 [63]
based
Tungsten
Csmi : 2. .
[Comim|[PF6] 7% 10:1 125 | 70 DBT 97.3 180 [63]
Molybed
[Csmim][PF6] olybedum 10:1 125 | 70 DBT 97 180 [63]
based
(dual
CH,COOH
{Hsé)] PYl | xtractant 6:1 0.6:10 | 50 DBT 99.7 40 [36]
¢ and catalyst)
(dual
[HCPL|[TFA] | extractant 6:1 1 50 DBT 100 15 [42]
and catalyst)
ua
(dual
[Csmim|[FeCly] | extractant 5:1 110 | 25 DBT 100 10 [44]
and catalyst)
ua
(dual
[Csmim][HSO4] extractant 5:1 1:2 25 DBT 99.6 90 [45]
and catalyst)
ua
(dual
[Hmpy][HCOQ] | extractant 5:1 1:10 50 DBT 99 180 [60]

and catalyst)
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ECODS process has excelled in achieving higher desulfurization efficiencies at
milder operating conditions and lower feedstock in comparison to EDS and ODS.
However, researchers are still working towards novel methods aiming to reduce amount
of IL required by immobilizing small amounts of ILs on catalytic media to achieve
desired desulfurization through combination of immobilization and ECODS method.

Some of these findings are summarized under Table 7.

Table 7: Desulfurization efficiency of ILs reported previously using immobilization

with ECODS
n | mon "Won " s 0o T "
P N L R B R L
{pcr:nilrir:l[]gc}c“l‘a] and 41 1:5 30 DBT 94.3 90 [50]

Table 8. Comparison of HDS and the various methods used for IL-assisted
desulfurization.

Criterion Traditional HDS

EDS (IL ODS (IL ECODS (IL

Desulfurization
Efficiency

Operating
Conditions

Ease of
Recovery/Recycle

Environmental
and Safety
Aspects

Cost
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2.3 Ionic Liquids Regeneration Methods

While many researchers focus on studying the extraction or catalytic efficiency
of ILs for refinery processes, the challenges of IL recovery and regeneration receive
much less emphasis in literature. Regeneration of spent ILs is highly important to
ensure that cost effectiveness and feasibility at industrial scale are met. Different
approaches have been previously proposed to recover and purify ILs from solutions to
reduce cost. Several approaches have been discussed by Zhou et al. in their review
paper about the recovery and purification of used ILs [64]. Those methods include;

phase creation, phase addition, solid agent, barrier and force field, the methods used in

each approach listed are summarized in Table 9.

Table 9: Summary of possible methods for recovery and purification of used ILs

Separation Concept

Separation Methods

Advantages/Disadvantages

Phase Creation

Phase Addition

Solid Agent

Barrier

Force Field

Recycle without treatment

Dissolution/Precipitation

Distillation
Crystallization
Thermal regeneration

Extraction
Stripping

Absorption
Adsorption
Desorption
Ion Exchange

Nano filtration
Membrane

Decantation
Centrifugation
Use of magnetic fields

Recycle with purge
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Results in high purity
ILs.

Energy consuming.
Limited for batch
processes.

Simple to operate and
low-cost process.

No significant
disadvantages.
Simple to operate
process.

High cost of
adsorbents.

Requires harsh
operating conditions.
Ineffective with
viscous ILs.

High selectivity
towards ILs.

Low energy demand.
Difficult to achieve
high throughputs.
Membranes are prone
to fouling.
Relatively easy
process.

Limited for magnetic
ILs.

Not applicable for
desulfurization of
diesel as sulfur
compounds will
reaccumulate.



Each of these methods is applicable for recovery of ILs on the laboratory scale.
However, in practice, several of these approaches are not feasible on the industrial
scale. For example, due to the high viscosity of ILs, adsorption is unlikely to be a
significant method of IL regeneration, although it may be useful for removal of trace
impurities where the IL has been sufficiently diluted with a solvent. Crystallization,
which is used widely on the laboratory scale, would be very difficult to implement on
the scale needed in refinery processes. Of the methods listed above, the most common
methods reported in literature with regards to recovery of ILs are distillation, extraction

and stripping.

2.3.1 Recovery of ionic liquids by distillation. Distillation is one of the most
used methods to separate liquid mixtures based on difference in volatilities of
components present in the liquid mixture. The distillation process for separation and
purification of ILs could be operated in two different ways. The first approach is to
distill ILs as intact ion pairs or through decomposition reaction of ILs with an acid to
form a distillable carbene. The second approach involves the distillation of volatile

components from a IL-containing mixture, leaving the IL behind [64].

Earle et al. [65] verified that some selected families of commonly used aprotic
ILs, such as tetraalkylammonium and N,N pyrrolidinium based ILs, could be distilled
out as ion pairs with low decomposition fractions of residue and distillate at
temperatures of 200-300°C and pressures equal to or below 0.001 mbar. The pressure
played a huge role in determining the distillation rate and purity of the distillate; lower
pressures resulted in higher distillation rates and higher distillate purity. This method
has been studied by Earle et al. and demonstrated good regeneration of the IL with low
levels of decomposition for imidazolium based bis(trifluoromethane)sulfonimide and
trifluoromethanesulfonate ILs [65]. Since these types of ILs also display high HDS and
HDN efficiency, this could represent a potential route to IL recovery and regeneration
in such processes. However, due to the extremely low vapor pressures of ILs,
excessively high vacuum conditions are needed, which limits the applicability of this
method on an industrial scale for IL purification. For several imidazolium based ILs,
deprotonation of the cations in presence of base forms neutral carbene molecules that
could be distilled out and used to reform the IL by reaction in molar stoichiometry with

protic acid [64]. Nevertheless, this method imposes increased costs due to requirement
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of additional material of base and protic acid and imposes operational complexity due
to obligation of several intermediate reactions in comparison to simple distillation of
volatile compounds. Although distillation processes are relatively easy to operate, in
the case of ILs, they have limited applicability due to operational complexity, high

energy consumption and extremely low pressures required.

A more feasible approach is to distil more volatile components out of the non-
volatile IL. In particular, the use of vacuum distillation has been shown as a viable
approach for such separations. For example, vacuum distillation was employed on the
pilot scale to effectively remove 4-methoxybenzophenone (b.p.355°C) from
[Comim][NTf2] [66] and on the lab scale to remove linalool (b.p.198°C) from
[Comim][Oac] [67]. In the case of desulfurization, the main compound of interest is
DBT, which has a boiling point of 332 °C. Although it has not yet been reported in the
literature, based on the studies for separation of other high boiling point compounds
from ILs, it is anticipated that vacuum distillation is a viable approach for recovery of

DBT from ILs.

2.3.2 Recovery of ionic liquids by extraction. Liquid-liquid extraction is a
relatively simple and low-cost separation process in which the target component is
separated from the feed via mass transfer to the solvent. This approach has been
demonstrated as an effective method in recovering ILs. Water and organic solvents are
common solvents used to carry out the process. In extraction with water, the hydrophilic
solute is separated from the hydrophobic IL [64]. For instance, in desulfurization
processes, the sulfur compounds being removed are hydrophobic; therefore, the use of
hydrophilic ILs as desulfurization extractant may allow enable water to be used as a
regeneration extractant. Gao et al. [68] demonstrated the regeneration of hydrophilic 1-
methyl-3-(4-sulfonic acid butyl) imidazole p-toluenesulfonic acid
[(CH2)4SOsHMIm][Tos] by extraction with water followed by simple distillation and
the desulfurization efficiency dropped slightly from 43.6% to 41.2%, after 5

regeneration cycles.

When hydrophilic ILs cannot be used, it is preferred to conduct the extraction
process using organic solvents such as ethyl acetate [69], diethyl ether [64], hexane
[70], cyclohexane [69] and toluene [64]. Despite the simplicity of liquid-liquid
extraction for regeneration, it has some disadvantages. Another solvent is required,
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adding to the operating costs. Furthermore, it is often a VOC and, thus, has
environmental implications. There is the possibility of cross contamination of the IL
with some regeneration solvent prior to use in desulfurization. Finally, additional
equipment, such as a distillation column, is needed for regeneration of the solvent,

which leads to increased capital cost.

2.3.3 Other recovery methods reported in literature. Stripping is another
method that can be used to regenerate spent ILs. This approach involves contacting the
IL with a gaseous stripping agent, into which the solute can be evaporated. The
stripping process can typically be carried out using steam, air or nitrogen as the
stripping agent. Liu et al. [71] demonstrated the regeneration of seven hydroxyl
ammonium ILs via nitrogen stripping; the sulfur compounds removal efficiency
remained above 95% within 5 cycles after the absorption lasted for 2 hours. Hardacre
et al. [66] used steam stripping to remove reaction products benzoic acid and 4-
methoxybenzophenone from [Comim][NTf;] and found that this is an effective
approach for separation of relatively high boiling point components from ILs. Other
methods that deserve further investigation with regards to regeneration performance are
rotary evaporation, crystallization, membrane regeneration, regeneration by force field
and regeneration by magnetic field. Rotary evaporation was performed by Yao et al.
[72] in which the IL [Csmim][BF4] was recycled. Crystallization has the advantage of
recovering high purity ILs but is energy consuming and is applicable for batch and
small-scale processes making it inconvenient for large scale continuous processes
within refineries. On the other hand, membrane regeneration has an advantage of high
selectivity and low energy demand, but it is difficult to achieve high throughputs and
membranes are prone to fouling. In addition, separation by force field is easy but can
be used to recover ILs only from immiscible liquids and recovery by magnetic field is
limited for magnetic ILs that contain metal anion such as iron (Fe) and demonstrates

low separation rates [64].

2.4 Ionic Liquids Environmental and Waste Disposal Concerns

ILs have exhibited promising performance in refinery processes over
conventional organic solvents due to their negligible vapor pressure, high absorption of
sulfur compounds, ease of regeneration and high thermal and chemical stability [73].

The main reason ILs are considered as environmentally benign substitutes to
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conventionally used volatile organic solvents is their nonvolatility, which means that
they do not pollute the atmosphere. However, they may impact the environment in other
ways. For example, it was found that some of the cations and anions constituting
various ILs are hazardous on the ecotoxicity and biodegradation level. This has recently
aroused the awareness of researchers to study the ecotoxicity and biodegradation of
spent ILs in order to understand the fate of the used ILs and come up with safe waste
disposal routes. ILs may enter the environment through waste from the refinery, wasted
IL regeneration solvents and traces of IL left behind in treated gasoline. Hence,

appropriate disposal methods are important to prevent loss of containment of spent ILs.

Thuy Pham et al. [74] have investigated the toxicity of several cations including
ammonium, pyridinium and imidazolium. Their results showed that an increase in the
number of aromatic nitrogen atoms contributed to increased toxicity levels concluding
that ammonium based ILs are least toxic followed by pyridinium based ILs and
imidazolium based ILs. In terms of biodegradability, Deng concluded that pyridinium-
based ILs are more biodegradable than those based on imidazolium [75]. Similarly,
Mallakpour and Dinari [76] concluded that proper modifications of pyridinium based
ILs cationic core may produce promising biodegradable ILs. Similar to the conclusions
of Thuy Pham et al., they highlighted that an inclusion of an ester group in imidazolium
side chain reduced the toxicity of the IL and significantly improved its biodegradability
due to their potential enzymatic cleavage by esterases [76]. According to Deng, the
length of the alkyl side chain on the cation has a major impact on biodegradability and
only the C6 to C8 carbon chains can be degradable [75] . In addition, it was noted that
alkylsulfates have been shown to be easily biodegradable and the introduction of
octylsulfate, saccharinate and acesulfamate anions has a positive effect on reducing
toxicity and biodegradability [75] [76]. However, an increase in alkyl-chain length was
observed to increase degradation but has a negative impact on toxicity [74]. In relation
to desulfurization specifically. Pyridinium and imidazolium based ILs containing
anions such as tetrafluoroborate ([BF4]), hexafluorophosphate ([PF6]),
tetrachloroferrate ([FeCls]), hydrogen sulfate ((HSO4]), nitrate ([NOs]) and lactate have
all exhibited desulfurization efficiencies above 90% in multistage extraction, ODS and
ECODS [73]. However, many fluorinated anions have been also proven to be hazardous
due to their hydrolytically unstable properties and create disposal concerns due to their

nonbiodegradability [77]. Also, magnetic tetrachloroferrate ([FeCls]) has been found to
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be toxic to certain luminescent marine bacteria [74]. ILs with nitrate anions ([NOs]) are

hazardous due to their explosive nature [78].

Gomez-Herrero et al. [79] ranked the toxicity of commonly used anions in the
following decreasing order [HSO4] > [NTf;] > [CI] > [EtSO4] . Similarly, the
biodegradation ability was ranked by Deng in order of highest to lowest [PF6] >[BF4]
> [Br] > [NTf2] > [N(CN2)] [75]. It can therefore be suggested that the structural
manipulation and careful selection of cations and anions should be considered to fulfil
the goal of utilizing sustainable and green ILs to be used in desulfurization processes.
Particularly, the biodegradation routes of certain ILs must be carefully determined to
avoid side products that might cause harm to the environment such as the
decomposition of fluorine-based anions into the toxic hydrofluoric acid [80]. Moreover,
having effective regeneration and recycling methods is of equal importance in order to
minimize any negative effect on the environment such that even if the utilized ionic
liquid is harmful, they can be contained within the process if proper regeneration and

recycling techniques are put in place.

2.5 Process Design and Economic Considerations for Ionic Liquid based
Desulfurization

Despite ILs have proven their application in desulfurization theoretically and
experimentally, to establish the industrial-scale feasibility of this technology, a
technical and economic evaluation utilizing appropriate process simulators is essential.
To make this possible, sufficient experimental data and predictive tools and methods
are required to enable the simulation according to their physical and thermodynamic
properties. To date, ILs have not been included in component databases of widely
known process simulators such as ASPEN HYSYS and ASPEN Plus due to the lack of
physical and thermodynamic properties availability with regards to experimentally
examined ILs and their mixtures. To overcome this limitation, previous studies
suggested the use of computer aid programs and models as predictive tools for
thermodynamic properties of task oriented ILs and incorporate their predictions to

create user defined IL components in process simulation software.

Thermodynamic models such as non-random two liquid (NRTL) [81], universal
quasichemical (UNIQUAC) [82], functional group activity coefficients (UNIFAQ) [83]

and conductor like screening model for real solvents (COSMO-SAC) [84] are the most
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widely used predictive models. Ideally, the most accurate models would be correlative
activity coefficient models such as NRTL and UNIQUAC. However, due to the limited
amount of phase equilibria data for mixtures containing ILs, few of the necessary binary
interaction parameters have been regressed. Therefore, NRTL and UNIQUAC are
limited to those systems containing pairs of components whose phase behaviour has
been studied experimentally. UNIFAC, the group contribution-based predictive activity
coefficient model, can be applied to a wider array of IL-containing systems, since it
requires only the availability of binary interaction parameters for functional groups
rather than whole components. However, while the available UNIFAC parameters for
IL-based functional groups is increasing continuously, there are still many binary
interaction parameters missing, which limits the applicability of this model. A
promising alternative is COSMO-SAC, which uses quantum calculation as a basis for
predicting phase equilibria. As a result, this method can be applied to any system
without the need for binary interaction parameters regressed from experimental data.
This increased flexibility and applicability comes at a cost, however. Liu et al. [85]
compared the UNIFAC and COSMO-SAC model predictions against a range of
experimental data and found that the UNIFAQ model usually gives a better
representation of the real phase behaviour. Therefore, the general approach for utilizing
thermodynamic models in process simulation is to give preference to NRTL or
UNIQUALC if the binary interaction parameters are available, or if they can be easily
regressed from experimental data. If the parameters or data do not exist, then UNIFAC
method should be considered. In cases where the necessary UNIFAC parameters are

also not available, COSMO-SAC should be utilized.

The technical feasibility of extractive desulfurization (EDS) process using ILs
has been examined by Nancarrow et al. [86] where they used ASPEN Plus process
simulator with the UNIFAC thermodynamic method to demonstrate the feasibility of
combining IL-EDS with traditional HDS to reduce sulfur in diesel from 7000 ppm to
50 ppm. A subsequent adsorption step as the final treatment was found to be necessary
to achieve ULSD levels of 10 ppm. Kazmi et al. [87] used UNIFAC thermodynamic
model to design a desulfurization process using extraction method with [Csmim][BF4]
and compared their results to experimental outcomes. Their results were shown to agree
with the experimental result evaluated by NRTL model obtaining 89% thiophene,

94.5% DBT and 79% thiophene, 87% DBT removal using simulation and experimental
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methods respectively at near ambient conditions. Simulation results usually depict
better performance than real life results obtained through experimental procedures, in
part due to errors that rise from choosing the appropriate thermodynamic model that
represents the ILs. Several references were found attributed to process simulation
finding of IL based desulfurization processes, the same is not applicable to IL
denitrogenation processes. IL-DN Experimental results were obtained by several

researchers, but until date, no process simulation results were developed.

Several other processing factors must also be considered prior to selection of IL
for scale up, including mass transfer limitations resulting from high IL viscosity,
moisture sensitivity and hydrolysis of certain ILs such as those based on [PF6] and
[BF4] anions [80]. It is desirable, therefore, to find ILs not only with excellent
performance characteristics for the selected process, but also having low viscosity, high

reusability and high resistance to hydrolysis or other chemical attack.

One of the major obstacles to the industrial implementation of ILs in refinery
technology is their relatively high cost [88]. ILs are often several orders of magnitude
more expensive than organic solvents. However, while this is a barrier to uptake, high
purchase costs can be tolerated when the ILs can be easily regenerated and recycled for
a sufficient number of cycles in a similar manner to catalysts, which are used
extensively in the petroleum refining despite their high costs. Therefore, greater focus
is needed on IL regeneration to ensure they become economically feasible on the
industrial scale. As ILs transition from the lab to industry, the scale of their production
is increasing, which is resulting in a decrease in the IL price per kilogram [88]. As this
transition continues, mass production of ILs will allow their price to be reduced further,
which is expected to result in an acceleration in new industrial scale IL applications.
While most IL research in desulfurization is focused on driving up the removal
efficiency, more emphasis needs to be given to IL regeneration, whole process
optimization and economic analysis. It is expected that improvements in IL
immobilization will facilitate IL regeneration, while minimizing the amount of IL

needed within the process[89].

Other approaches such as ultrasound irradiation have the potential to help
overcome mass transfer limitations in ILs and, thus, improve the economic viability of

IL technology in refineries [90], [91].
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Chapter 3. Quantum and Statistical Thermodynamic Calculations

Selection of ILs has been made through running several commercially available
ionic liquids in COSMOtherm by undergoing multi-component multi-phase extraction
equilibria calculations. COSMOtherm extraction tool allows for the automatic
computation of a multi-component multi-phase equilibrium liquid-liquid extraction.
Unlike NRTL, UNIQUAC and UNIFAC, the thermodynamic model implemented
using COSMOtherm does not require experimental data for the estimation of binary
parameters. Therefore, it is desired to use COSMOtherm at times where parameters of
all contributing functional groups are not available from experimental results. The
temperature and molar fractions of predefined components are toggled in a
temperature/mixture line of the COSMOtherm input file, the program automatically
computes the mole-based equilibrium partition of an arbitrary number of compounds
between a given number of liquid phases. The predefined components include model
diesel, sulfur compounds (thiophene, BT and DBT) and the IL cation and anion. Each
of these components have been modelled using TMoleX program which enables the
user to import, build and modify structures and outputs them as COSMO files to be
used as input components to the extraction process using COSMOtherm. Once the
extraction is performed for a set of ILs, the extraction efficiencies have been validated

against results obtained from literature.

Once the validation is completed, the ILs and their regeneration method have been
used for simulation analysis on a full process level using ASPEN Plus. The evaluation
of four process configurations has been performed as follows; use of EDS followed by
extractive regeneration, use of EDS followed by regeneration using nitrogen/air
stripping and a proposed optimized combined process. The four process configurations
have been assessed and compared based on a set of predefined criteria. Based on the
results obtained, the most viable process configuration for industrial scale-up has been
demonstrated, shortcomings and recommendations have been discussed and

conclusions have been outlined.

3.1 Modelling Methodology
A list of 26 commercially available ILs were screened using COSMOtherm to
calculate the extraction efficiency of thiophene, benzothiophene (BT) and
dibenzothiophene (DBT). To enable the extraction simulation using COSMOtherm,
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several steps are involved in generating the COSMO file using quantum calculations in
TmoleX which is subsequently used to do the statistical thermodynamics calculations
using COSMOtherm. The structures of the components were built using TmoleX
program. TmoleX was used to build the structures and charge distribution (Sigma
surface/profiles) of the model diesel (n-hexadecane), thiophene, BT, DBT, hexane,
nitrogen, air and several IL cations and anions. The steps used to output the quantum

calculations are shown in Figure 2.

Geometry converting smiles to 3D.

* The geometry of the compound of interest is set by either importing a pre-existing coordinate file, using )
integrated 3D or 2D molecular builder or by converting SMILES to 3D. the Method used in this work:

. compound of interest.
Atomic

Attributes|] ° The basis set used for all atoms and elements in this model is def-TZVP - Valence triple-zeta polarization. |

» The atomic attributes are generated by choosing a basis set for all atoms and elements present in the

Molecular the molecule is not charged input 0, for cations input +1 and for anions input -1.
Attributes

* Within the molecular attributes window, the moclecular charge of the compound of interest is inserted. i.e if

N

J

which automatically investigates the electronic structure of atoms and molecules.
Method * BP86 functional was used to optimize the geometry. Under this tab, the COSMO file is activated.

* In this tab, the quantum mechanical modelling method is chosen to be DFT (Density-functional theory)

* The activated COSMO file will be generated once the job is run.
Start Job

Results of interest.

* The COSMO file will be displayed, showing the geometry, energy and charge distribution of the compount

N

J

Figure 2: Quantum calculations steps in TmoleX

Once the quantum calculations in TmoleX are set and the COSMO file is
generated for all compounds of interest, statistical thermodynamics calculations using
COSMOtherm has been performed. It is important to note that a COSMO file must be
created for every compound separately. Each COSMO file contains valuable
information stored about each compound, most importantly the sigma profiles and
interaction energies. COSMOtherm utilizes the stored sigma profiles and interaction
energies to calculate chemical potential u, a basis property for the calculation of activity
coefficients and equilibrium partition constant K;*. The partition coefficient K7 is
required to carry out the multi-component equilibrium calculations (liquid-liquid
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extraction). There are two predefined phases I and II both of which may be mixtures of
compounds including ILs. Phases I and II are assumed to be immiscible using a given
starting molar fractions in the two phases I and II, for each compound i. COSMOtherm
computes the affinity of each compound to each of the two phases by means of the
thermodynamic equilibrium partition constant K;*. Thermodynamic equilibrium

partition constant is given by [92] :
— 1_ 0
Kix = exp [(Hl - )/RT (2)

where ,u{ : the chemical potential of compound i in R: Gas Constant

phase [

uf": the chemical potential of compound i in phase I T: Temperature

Each compound is allowed to transition between the two phases according to its
affinity towards each phase. The conditions are mass conservation and neutrality where
the charge of both phases remains neutral, hence it is important to generate correct
sigma surfaces using TmoleX for each component from the start. In the example
depicted above, phase I is the model diesel phase consisting of n-hexadecane and the
three sulfur compounds (thiophene, BT and DBT), while phase II is the IL phase
consisting of the cation and anion. The steps to carry out the thermodynamic
calculations (multi-component multi-phase liquid-liquid extraction equilibrium) using

COSMOtherm are highlighted in Figure 3.

~
* start project
* Input compounds from predefined como files created using TmoleX. Compund list
Compounds must include n-hexadecane, thiophene, BT, DBT, IL anion and IL cation
J
« select property: selected property is liquid-liquid extraction )
* Input temperature, mole fractions of phase 1 and 2 components
Property * Phase 1 should contain the mole fractions of n-hexadecane, thiophene, BT and DBT
selection * Phase 2 should contain equimolar amounts of IL anion and IL cation )
~
* Run the file and Multi-Component-2-Phase-Equilibrium calculations will
automatically be tabulated.
Output results
J

Figure 3: Multi-Component-2-Phase-Equilibrium calculation steps using
COSMOtherm

47



3.2 Calculations
Quantum calculations were developed using steps displayed in Figure 2. The
COSMO files and subsequent sigma surfaces/profiles of n-hexadecane, thiophene, BT

and DBT are shown Figure 7. Moreover,

Figure 6 shows the sigma surfaces of the cation and anion of 1-Butyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide as an illustrative example.

1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide

Figure 6:Sigma surface of 1-Butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide

The colors displayed in the above figures are an indication of the charge
distribution along the geometry of the compound. Green color symbolizes uncharged
areas predominant along n-hexane, when the color shifts towards yellow, orange and
red it indicates the presence of a negative charge as shown with
bistrifluoromethylsulfonylimide anion while blue traces indicate a positive charge as
shown with 1-Butyl-3-methylimidazolium cation. Furthermore, sigma profiles are also

of particular importance. It is a scientific fact that like dissolves like, therefore,
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compounds that display similar sigma profiles will have affinity towards each other.
For instance, IL cation and anion sigma profiles could be compared to those of
thiophene, BT and DBT, the more accommodated the sigma profile of each within the
profile of IL cation and anion, the greater the extraction/affinity is. The extraction
efficiency of thiophene, DBT and BT were found to be 54.49%, 41.01% and 10.03%
respectively. As shown in Figure 7, the profile of thiophene is accommodated more
than the DBT and BT which serves as an indication and validation of the above

statement.

=BT cosmo

= dbt.casmo

214 — thiophens cosmo
1z = 1 -utyl-3-methyl-imidazolound cosmo
10 bistrifloromethylatfonylamide cosma
3
G
4
2
1]

003 002 001 000 001 0.02 0,03
ole/R? ]

Figure 7: Sigma profile of 1-Butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, Thiophene, BT and DBT

Multi-Component-2-Phase-Equilibrium calculations were carried out following
the steps displayed in Figure 2 based on a model diesel containing 10,500 ppm total
sulfur and simulations using different ILs were made at constant molar fractions

predefined as shown in Table 10:

Table 10: Model diesel containing 10,500 ppm total sulfur- Phase I components

Component PPM Sulfur Mass fraction g/g number of moles Mole fraction
Hexadecane - 0.9583 4.2321E-03 0.9271
Thiophene 1648.5 0.0043 5.1411E-05 0.0114
benzothiophene 8671.5 0.0363 2.7044E-04 0.0602
dibenzothiophene 180 0.0010 5.6136E-06 0.0012
Sums 10500 1 4.5595E-03 1

The mole fractions of IL cation and anion in phase II were assumed to be 0.5 each.
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Based on the inserted values of the mole fractions and predefined sigma surfaces
and structures, the program computes the thermodynamic equilibrium partition
constants K and the new equilibrium concentrations of the two phases are computed.
At this point the two phases consist of different compound concentrations than the ones
defined at the beginning. The chemical potentials of the compounds in the phases will
change and consequently the equilibrium partition constants K;* will be different. Thus,
the computation of K;* must be repeated at the new concentrations of both phases. The
compounds again are distributed between the two phases due to their newly computed
K;* values giving new compositions of phase I and II. This procedure is repeated until
the concentrations of the two phases remains constant and equilibrium is reached. The
thermodynamic equilibrium, the mass balance and, the charge neutrality condition of
the two phases are solved simultaneously in an iterative manner until the system
converges to a thermodynamic and mass equilibrium of two neutral phases [92]. The
converged system thus provides two new phases I and Il with all compounds distributed
between the two phases according to their thermodynamic equilibrium partition. This
corresponds to the solution of the liquid-liquid extraction equilibrium in this system. It
can be seen in Table 11 that most of the n-hexadecane remains in phase I and sulfur
compounds will move to the IL phase. The same holds for the IL phase which mainly
remains stable and small amounts of 1-Butyl-3-methylimidazolium cation and

bis(trifluoromethylsulfonyl)imide anion move to the n-hexadecane phase.

Table 11: Multi-component-2-phase-equilibrium output using COSMOtherm

Extraction using 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide

Compound # Compound Phase 1 initial =~ Phase 1 final = Phase 2 final
1 1-butyl-3-methyl-imidazolium 0.0001 0.4797
2 bistrifluoromethylsulfonylamide 0.0001 0.4797
3 n-hexadecane 0.9271 0.9674 0.0002
4 Thiophene 0.0114 0.0051 0.0063
5 BT 0.0602 0.0267 0.0335
6 DBT 0.0012 0.0007 0.0006

Condition settings: T= 25°C. Equimolar amounts (0.5) of the cation and anion were input into phase 2

initial

Based on calculation output depicted in Table 11 the desulfurization efficiency was
calculated using equation 3

Phase 1 initial mole fraction—Phase 1 final mole fraction
DE(%) = * 100% 3)

Phase 1 initial mole fraction
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Using equation 3, the desulfurization efficiency of 1-Butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide was found to be 55.4 %, 55.69% and 43.01% for
thiophene, BT and DBT respectively.

3.3 Results and Validation of COSMOtherm Simulations

The same procedure was repeated for 26 ILs and results are summarized in Table 12.

Table 12: Extraction efficiencies of 26 commercially available ILs using

COSMOtherm
Extraction efficiencies
Melting = Extraction towards
No. Ionic Liquid Point K = temp.°C  Thiophene | BT | DBT
(%0) (o) (%)

1 Trihexyltetradecylphosphonium bromide <RT 25 77.82 84.10 | 82.89
Trihexyltetradecylphosphonium chloride <RT 25 78.56 84.68 | 82.65
1-Dodecyl-3-methylimidazolium

3 bis(trifluoromethylsulfonyl)imide <RT 2 67.70 7229 | 68.62

4 1-ethyl-3-methylimidazolium diethyl <RT 25 63.57 6962 | 62.04
phosphate

5 1-butyl-3-methylimidazolium chloride 338.15 70 57.12 64.21 | 59.72

6 1-decyl-3-methylimidazolium chloride 311.15 70 54.24 57.81 | 49.56

7 1-Dodecyl-3-methylimidazolium iodide 313.15 70 54.06 57.17 | 49.44

g | I-decyl-3-methylimidazolium 269.15 25 5837 | 61.58 | 50.99
tetrafluoroborate

9 1-Butyl-3-methylimidazolium bromide 354.15 70 49.51 53.86 | 45.94
1-butyl-3-methylimidazolium

10 bis(trifluoromethylsulfonyl)imide 269.15 2 3338 3569 | 43.01
Butyltrimethylammonium

1 bis(trifluoromethylsulfonyl)imide 280.15 2 52.96 5282 | 38.99

12 1-butyl-3-methylimidazolium iodide 201.15 25 49.21 51.79 | 39.24

13 Choline acetate 353.15 90 48.56 54.40 | 48.63
1-ethyl-3-methylimidazolium

14| pi(trifluoromethylsul fonyl imide 256.15 25 5219 | SL15 | 3630

15 | l-butyl-3-methylimidazolium 289.15 25 4437 | 41.80 | 25.78
trifluoromethanesulfonate

16 | l-ethyl-3-methylimidazolium 288.15 25 4108 | 3933 2232
tetrafluoroborate

17 1-butyl-3-methylimidazolium thiocyanate <RT 25 38.41 36.05 | 21.25

1g | I-Butyl-3-methylimidazolium 265.15 25 4033 | 3687 1976
hexafluorophosphate

jg | l-Butyl-3-methylimidazolium <RT 25 3751 | 3373 | 17.19
tetrafluoroborate

20 1-ethyl-pyridinium tetrafluoroborate 319.15 70 31.45 27.34 | 13.84

o1 | l-ethyl-3-methylimidazolium 337.15 70 30.14 | 2479 | 11.57
hexafluorophosphate

2 1-butyl-3-methylimidazolium hydrogen <RT 25 3178 2704 | 13.15
sulfate

23 1-Butyl-3-methylimidazolium nitrate 308.15 25 45.24 4580 | 31.34

24 1-butyl-3-methylimidazolium dicyanamide <RT 25 39.64 36.62 | 21.58

25 1-butyl-1-methylpyrrolidinium dicyanamide <RT 25 57.10 61.88 | 51.32

26 1-Ethyl-3-methyl-imidazolium thiocyanate 267.15 25 45.47 46.80 | 32.93
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The results were validated against some of the data presented in literature and are

tabulated in Table 13.

Table 13: Validation of COSMOtherm results against literature data

Cosmo DE% Literature results
s v . Ref.

No. Tonic Liquid Thiophene | BT = DBT  Thiophene =~ BT DBT
Trihexyl Iphosphoni

2 rihexyltetradecylphosphonium 78.56 | 84.68 | 82.65  NA NA | 8140 | [62]
chloride
1-ethyl-3-methylimidazol

4 -cthyl-3-methylimidazolium 63.57 | 69.62 | 62.04  88.40 NA | 8840 | [93]
diethyl phosphate

5 1-butyl-3-methylimidazolium 5712 6421 | 5972 5920 | 71.00 | 77.00 | [94]
chloride
1-Butyl-3-methylimidazoli

9 utyl-3-methylimidazolium 4951 | 53.86 4594 6220 | 7370 | 70.50 & [94]
bromide
1-ethyl-3-methylimidazolium

4 o0 . 5219 | 5115 | 3630 @ 75.40 NA | 8050 | [93
bis(trifluoromethylsulfonyl)imide 3]
1-butyl-3-methylimidazoli

15 | |-butyl-3-methylimidazolium 4437 | 4180 2578 | 5600 | 56.00 & 45.00 | [95]
trifluoromethanesulfonate

1§ | [-Butyl-3-methylimidazolium 4033 | 36.87 | 19.76 NA NA | 1220 | [96]
hexafluorophosphate
1-Butyl-3-methylimidazoli

19 utyl-3-methylimidazolium 3751 | 3373 | 17.19 NA NA | 12,00 | [97]
tetrafluoroborate
1-butyl-1-methylpyrrolidini

25 Wy - -mety pyrroidiniim 57.10 | 61.88 | 51.32 NA NA | 64.00 | [62]

dicyanamide

The results obtained from the COSMOtherm simulations agree with data reported
in literature, therefore, it is safe to say that the thermodynamic model used serves as a
good priori tool to predict and estimate the desulfurization efficiency of the ILs under

study.
3.4 Discussion of Results

3.4.1 Temperature dependence. The results obtained from COSMOtherm
simulations were compared to observations collected from literature review. It was
reported in previous literature that extraction mostly favors mild temperature conditions

usually from 25-70 °C for most ILs.

However, care must be taken when setting the temperatures for multi-
component-2-phase-equilibrium calculations. The extraction temperature setting
should be greater than the melting point of the chosen IL. Mild temperature conditions
are of particular importance as it promotes lower energy consumption, a key criterion

for the techno-economic analysis. Previous trends suggested that as temperature
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increases the extraction efficiency increases then decreases up to a point after which
significant improvement will not be noted due to equilibrium. The trend that was
observed in this study is somehow different. Varying the extraction temperature using
1-butyl-3-methylimidazolium [Csmim] bis(trifluoromethylsulfonyl)imide and 1-ethyl-
3-methylimidazolium [[C:MIM]] bis(trifluoromethylsulfonyl)imide cause a slight
decrease in desulfurization efficiency that is almost negligible for of thiophene, BT and

DBT. This can be seen in Figure 8Figure 9

55.00

X R —-

45.00 —Thiophene
E ~-BT

40.00 ~DbBT

35.00

30.00

25 30 35 40

Temperature (°C)

Figure 8: Temperature dependence of the removal of thiophene, BT and DBT from
model diesel using [CoMIM] bis(trifluoromethylsulfonyl)imide as simulated using
COSMOtherm
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Figure 9: Temperature dependence of the removal of thiophene, BT and DBT from
model diesel using [C4MIM] bis(trifluoromethylsulfonyl)imide as simulated using
COSMOtherm
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3.4.2 Length of alkyl chain — cation. Extraction simulations using
COSMOtherm were performed to verify the effect of cation alkyl chain length on the
extraction efficiency. It was found that as the length of the alkyl chain increases, the
extraction efficiency increases. Figure 10 shows the effect of increasing the alkyl chain
from 1-ethyl-3-methylimidazolium, 1-butyl-3-methylimidazolium to 1-Dodecyl-3-
methylimidazolium using unchanged bis(trifluoromethylsulfonyl)imide anion which

matches results noted from literature.

80.00
m Thiophene =BT mDBT

70.00

60.00

50.00
=
< 20,00
o
30.00
20,00
10.00
0.00

1-ethyl-3-methylimidazolium  1-butyl-3-methylimidazolium 1-Dodecyl-3-methylimidazolium
Cation
Figure 10: Effect of cation alkyl chain length on desulfurization efficiency of 1-alkyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide ionic liquids, determined

using COSMOtherm simulation.

3.4.3 Effect of anion on desulfurization efficiency. Varying the anions has
also proved to be a contributing factor to the desulfurization efficiency. Results
obtained from the simulations agree with results reported in literature. For instance, the
results of the extraction efficiencies of 1-butyl-3-methylimidazolium
hexafluorophosphate and tetrafluoroborate are in agreement with Zhang et al. study.
With [PF]” and [BF4] having diameters of 2.4 A and 2.2 A respectively, PFs would

result in better extraction efficiency by absorbing more of sulfur compounds [34].

Moreover, Zhang et al. study showed that the amount of absorbed toluene
(model diesel) by [CsMIM][PFs] is higher than amount absorbed by [CsMIM][BF4].
The same was observed using the simulation. PF¢ anion resulted in higher extraction of

thiophene, BT and DBT while the amount of n-hexane added to phase 1 was less using
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hexafluorophosphate. This means that more of it was present in phase 2 as result of
extraction using PFe anion. Therefore, similar to the Zhang et al. conclusion, one can
say that using [C4MIM][PFs] as extractant results in lower yield in comparison with
[CsaMIM][BF4], making BF4 possibly a better option for the anion. Results obtained
using COSMOtherm are summarized in Table 14.

Table 14: Extraction efficiency of C4MIM hexafluorophosphate vs tetrafluoroborate

Extraction Efficiency Towards:

Extraction Thiophene

Cation Anion BT (%) DBT (%)
Temperature °C (%)
CiMIM | PF6 25 40.33 36.87 19.76
C{MIM | BF4 25 37.51 33.73 17.19

Furthermore, the total sulfur removal was analyzed using different anions for
CsMIM. As shown in Figure 11 the results showed that chloride anion achieved the

highest total sulfur removal followed by bis(trifluoromethylsulfonyl)imide anion.

Hydrogen sulfate | N 23.99
Tetrafluoroborate |GG 20 .48
Thiocyanate | NG 31.90
Hexafluorophosphate [N 32.32
Dicyanamide |GGG 3261
Trifluoromethanesulfonate  |EENEGGEGEGEGEGEGEGE 37.32
Nitrate |GGG 20.79
lodide [ INEG_—G—TTN 4 6.75
Bromide |INGNNE 40.77
Bis(trifluoromethylsulfonyl)imide | NN 5136

Chloride [ INREG—_—_—— 50.35
Total DE (%)

Figure 11: Total sulfur removal efficiencies of different anions
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3.4.4 Ionic Liquids selection and agreement with literature results. It is
favourable that the ionic liquid with highest extraction efficiency is selected. However,
other important criterion for techno-economic analysis are the availability and cost of
the IL to be selected. All ILs in this study are commercially available which leaves the
cost to be tackled. Pyridinium, ammonium, phosphonium and imidazolium based ILs
proved to be very promising extractants for EDS. Pyridinium, ammonium and
imidazolium IL are well known selective extractants for EDS but they are expensive,
so cheaper phosphonium ionic liquids can replace them [74]. Jha et al. studied the
desulfurization efficiency using EDS and trihexyltetradecyl phosphonium chloride. His
results showed up to 81.4% extraction of DBT within 60 min at 30 °C and 1:3 IL: fuel
(n-heptane) ratios [98]. The COSMOtherm simulation results for trihexyltetradecyl
phosphonium chloride desulfurization efficiency are in perfect agreement with this
experimental study. COSMOtherm results showed that the extraction efficiency for
trihexyltetradecyl phosphonium chloride was 77.8% for thiophene, 84.1% for BT and
82.9% for DBT, the highest out of all simulated ILs. In addition, the price of
trihexyltetradecyl phosphonium was the lowest in comparison to other ILs included in
the study. However, this IL has high viscosity which may be an issue in industrial
processes due to lower mass transfer. Most of the COSMOtherm simulation results are

in agreement with experimental results tabulated in literature as shown in Table 13.

Therefore, we can safely deduce that this algorithm is sufficiently accurate to
follow through in our ASPEN Plus simulation. To be able to carry out the simulation
using COSMO-SAC in ASPEN Plus, a set of calculations needs to be carried out to
generate a database that can be utilized to proceed with the simulations. The creation

of the IL database will be discussed in the following section.
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Chapter 4. Ionic Liquids Database Creation in ASPEN Plus

A database of pure ILs for its use in the ASPEN Plus program was created. The
database contains 26 ILs composed of 14 cations and 15 anions. The IL components
were introduced in ASPEN Properties as conventional components using information
from the computational COSMOtherm method and from carefully calculated
parameters and data. The database was created to be used along with the COSMO-SAC
property model implemented in ASPEN Plus, allowing the evaluation of IL process
performance without needing further experimental data. The property description of
pure ILs and IL mixtures with conventional chemical compounds using COSMO-
based/ASPEN Plus approach was found with the accuracy level required in the
conceptual design of new processes. The created database offers the opportunity of

performing systematic evaluation of potential industrial applications of ILs.

COSMO-SAC is a solvation model that pre-exists in ASPEN Plus, it describes the
electric fields on the molecular surface of species that are polarizable. Complicated
quantum mechanical calculations are automatically performed for each user defined
molecule then the results can be stored. In its final form, it uses individual atoms as the
building blocks for predicting phase equilibria instead of functional groups. This model
formulation provides a considerably larger range of applicability than group-
contribution methods. The calculation for liquid nonideality is only slightly more
computationally intensive than activity-coefficient models such as NRTL or
UNIQUAC. COSMO-SAC complements the UNIFAC group-contribution method
because it is applicable to virtually any mixture. In this study we used the primary
version of COSMO-SAC modelled by Lin and Sandler [99] referred to as option code
1 in ASPEN Plus. For this model to function a set of parameters need to be calculated.

This will be elaborated on in the following sections.

4.1 Calculation of Parameters

The COSMO-SAC model does not require binary parameters. For each
component, it has six input parameters. CSACVL is the component COSMO volume
parameter. SGPRF1 to SGPRFS5 are five component sigma profile parameters; each can
store up to 12 points of sigma profile values. All six input parameters are obtained from
COSMO calculations. For each user defined IL, the CSACVL, SGPRFI1-SGPRFS5,
molecular weights (MW), normal boiling point (NBP), density, critical properties, ideal
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gas heat capacity coefficients (CPIG) and liquid heat capacity (CPLDIP) need to be
precalculated, the rest of the properties are automatically estimated using the ASPEN
Plus COMO-SAC model. Figure 12 shows the information flow used in this work to

both create IL components database and specify the COSMO-SAC property model.

[ ILs Molecular Structure via Turbmole (TmoleX) }
Y Y
[ Property Estimations [ COSMO-RS }
[ Valderrama et al.
F r

{ CSACVL ][SGRPRFl—S]

' ' ~ ! }
R g = s
A J A J
{ Estimated properties }
vy L J A J A 2 4
[ Estimated properties }
| 4
[ COSMOSAC Property Package ]
]
[ ASPEN PLUS Properties Input Creator }
|
v
[ ASPEN PLUS Property Database J

Figure 12: Information flow used in database creation and integration of ILs into
ASPEN Plus

4.1.1 Molecular weight, COSMO volume and sigma profiles. The Molecular
weights, COSMO volumes and sigma profiles of each component including the model
diesel and extractants have been obtained from COSMOtherm. The IL cation and anion
were modelled as individual ions using COSMOtherm but integrated as ionic pairs into
ASPEN Plus through the addition of the molecular weights, COSMO volume and sigma

profile parameters of the cation and anion.

A similar approach was used by Ferro et al. [100] and the simulations were
performed without problems of consistency related to ILs incorporation as user defined
ionic pairs.
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The TUPAC names of ILs are usually long and cannot be accommodated in the 8-
characters format used by ASPEN Plus to identify the components. As a result,
abbreviations were used to designate them in the creation of the database, each IL
included in the current database has its own characteristic ID ranging from ILO1-IL26.
The ILs have been generated as user defined components through ASPEN Plus
specifying additional parameters such as molecular weights, NBP, densities, critical
properties including critical temperature, pressure and volume, ideal gas heat capacity
coefficients (CPIG) and liquid heat capacity (CPLDIP). The remaining physical and
thermodynamic properties that are necessary to completely define the IL components
in ASPEN Plus were automatically estimated using the API-recommended procedures
within ASPEN Plus.

4.1.2 Estimation of NBP, densities, critical properties, ideal gas heat
capacity coefficients (CPIG) and liquid heat capacity (CPLDIP). Valderrama group
contribution method was used to calculate the contribution towards the normal boiling
point (NBP) and the critical properties including critical temperature, pressure and
volume for each cation and anion under study, and the value for each IL was determined
via the sum of the contributions of the relevant cation/anion pair. The acentric factors
of the ILs were calculated using Rudkin’s equation using the estimated critical
temperatures, critical pressures, and normal boiling points. The densities of the ILs were
corrected from results documented in literature using Valerrama and Rojas 2009 [101].
The Joback group contribution method was used as predictive tool to calculate the ideal
gas heat capacities for ionic liquids. By applying the principle of corresponding states,
the ideal gas heat capacity, along with other thermodynamic properties of the
component, were used to estimate the liquid heat capacity at various temperatures
[102]. Table 15 summarizes the model equations used to calculate the above-mentioned

properties.

Since ILs have negligible volatility under normal process conditions, the first
coefficient of the extended Antoine vapor pressure for all [ILs was manually set to be
—1 % 10%°, All mentioned properties have been used to create the database which has
been successfully integrated into ASPEN Plus. The remaining physical and
thermodynamic properties, necessary to completely define the IL components, were

automatically estimated using the API-recommended procedures within ASPEN Plus.
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Table 15: Model Equations for the estimation of NBP, densities, critical properties,
ideal gas heat capacity coefficients (CPIG) and liquid heat capacity (CPLDIP)

Property Model equation Ref.
Normal Boiling T, = 198.2 + ), nAT,, (4) [103]
point T, (K)

Critical = To _ (5)  [103]
temperature T, A+B ZnaTc ~(ZLnATc)
(K) where A =0.5703, B=1.0121
Critical pressure | p — MW (6) | [103]
Pc (bar) [C+Z ‘l’lApc]
where C = 0.2573
MW: molecular weight in g/mol
Critical volume Ve | V. =D + Y nAV, (7) | [103]
(cm3/mol) where D = 6.75
Density Model p= 4., (E L AlmB T-Tp Tb) () | [101]
B 7 B Tc—Tp
where:
A=03411+ 2.0443xMW
_ (0.5386 | 0.0393 1.0476
B= ( v, + MW )* Ve
Acentric factor — _(Tp=43)(Tc—43) Pe) _ (Te=43) Pe 103
T (Te=Tp)(0.7T,—43) lo (P,,) (Te=Tp) log (Pb) + [103]
P\
log () -1 )
where P,=1.013 bar
CPIG parameters C1 Cc2 C3 C4 = nCypk [102]
for ASPEN = nCpAK = nCpBK = nCpCK —_ 3793) * 1000
—3793) —37.93) —37.93)
* 1000 * 1000 * 1000
Where Cpak, Cpak, Cpck, Cppk are group contribution
parameters
Ideal gas heat Co = [EnCpux —37.93]+ [EnCppx +0.210]T + | [102]
capacity Cp(T) [N nCyox - (3.91 % 1074]T2 + [L nCpax + (2.06 *
107713 (10)
_p _ B . r .
capacity - = 1.586 + = + w|(4.2775+ - + T,
G_G -G (10
R R

Where T:is reduced temperature

** n is the number of groups of type k in the molecule
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Chapter 5. ASPEN Plus Simulations

5.1 ASPEN Plus Set Up and Validation of Results

Two different implementations of the COSMO-based thermodynamic approach,
COSMO-RS and COSMOSAC, are available in ASPEN Plus. Each is specified using
a different option code. The option codes can be selected by the user through the option
codes in the Gamma calculations when the COSMO-SAC property model is selected
(Properties — Methods — Selected Methods). Option codes 1-2 correspond,

respectively, to two different models and COSMO equations as seen in Table 16.

Table 16: COSMO-SAC property model sub models

Option Code Model

COSMO-SAC model proposed by Lin and

Option Code 1 (OC1)
Sandler [99]

Option Code 2 (0OC2) COSMO-RS model proposed by Klamt [84]

Before carrying on with desulfurization and regeneration simulations, a
preliminary check was carried out to verify which model is best suited for further use
based on its agreement with the results obtained from COSMOtherm simulations and
the results reported in literature. To perform this preliminary check, several simulations
were carried out using a simple decanter to mimic the liquid-liquid extraction
simulation performed in COSMOtherm. OC1 has demonstrated closer results to
literature findings in comparison to OC2. As a result, OC1 was chosen to carry on with
the rest of the simulations. The preliminary check results for COSMO-SAC property

model submodels are summarized in Table 17.

Now that the simulation set up and the validation of results against results
reported in literature have been completed, the appropriate property submodel has been
selected accordingly. The proposed configurations for the desulfurization of diesel and
IL regeneration are simulated, compared and optimized via ASPEN Plus in the

following sections.
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Table 17: Preliminary check for COSMO-SAC property model submodels

ASPEN DEY 2
ASPEN DE% OC1 S olee Literature results Ref.

Thiophene BT DBT Thiophene BT DBT  Thiophene BT DBT

1 90.40 92.53 | 91.48 80.43 82.20 | 80.68
2 90.96 92.95 | 91.82 81.61 83.43 81.85 NA NA | 81.40 | [62]
3 79.97 81.53 | 76.29 70.84 71.14 | 66.29
4 84.93 89.17 | 88.01 67.20 70.01 65.04 88.40 NA | 88.40 | [93]
5 68.65 70.08 | 60.73 42.53 37.00 | 24.20 59.20 71.00 | 77.00 | [94]
6 71.37 71.08 | 60.86 57.17 54.04 | 43.12
7 72.69 72.60 | 62.81 60.53 58.14 | 48.53
8 74.79 75.07 | 63.62 60.90 58.36 | 47.00
9 64.87 64.52 | 51.73 39.51 32.68 19.51 62.20 73.70 | 70.50 | [94]
10 69.61 68.83 | 55.27 58.17 55.27 | 43.90
11 72.65 73.25 | 61.26 60.86 59.49 | 49.53
12 68.02 67.29 | 51.56 40.17 32.25 17.19
13 78.75 84.53 | 84.61 62.65 67.50 | 66.41
14 67.46 66.00 | 50.17 55.59 52.09 | 39.56 75.40 NA | 80.50 | [93]
15 62.11 58.21 | 38.88 46.61 39.88 | 24.94 56.00 56.00 | 45.00 | [95]
16 55.37 48.76 | 25.12 31.14 21.21 8.23
17 60.30 55.95 | 35.12 38.84 30.19 15.37
18 54.36 47.09 | 23.67 43.22 35.55 | 20.10 NA NA 12.20 | [96]
19 56.52 50.14 | 27.19 37.05 27.75 13.05 NA NA 12.00 | [97]
20 46.53 37.86 | 17.51 29.82 20.56 8.89
21 40.95 30.49 | 11.57 36.26 28.10 15.02
22 55.71 48.25 | 26.11 30.63 19.80 7.53
23 66.69 65.21 | 48.44 40.85 32.92 17.84
24 61.98 58.00 | 38.20 42.42 34.50 19.36
25 78.67 81.37 | 73.49 57.78 56.03 | 43.75 NA NA | 64.00 | [62]
26 62.35 59.27 | 38.76 35.56 26.56 12.54

5.2 EDS Followed by Regeneration Through Extraction

As presented in the literature review section, extractive desulfurization using ILs
has proven to be a possible alternative to HDS on an experimental basis, its advantages
include, mild operating conditions and efficient removal of high MW sulfur compounds
such as BT and DBT. Furthermore, n-hexane was chosen as an extractant for the
regeneration of ILs for its attributes such as simple recovery, non-polar nature, low

latent heat of vaporization (330 kJ/kg) and good selectivity towards ILs [104].
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5.2.1 Simulation methodology

5.2.1.1 Extractive desulfurization. The diesel feed containing 10,500 ppm sulfur
is fed with the following mole fractions 0.9271, 0.0114, 0.0602, 0.0012 of n-
hexadecane, thiophene, BT and DBT respectively. The IL is fed at a mole fraction of
1. The IL is fed at the top of the extraction column (EDS) because it has higher density
than the model diesel while the latter was fed from the bottom. The extraction column
was operated adiabatically at atmospheric pressure, at 25°C for the low melting point
ILs and 100°C for the high melting point ILs. The flowsheet of this arrangement is

shown in Figure 13.

= L | DIESEL &>
E-DS
2 FEED IL+S o

Figure 13: Extractive desulfurization PFD

Following the same arrangement, extractive desulfurization using ILs was
carried out for all 26 ILs (19 low melting point ILs and 7 high melting point ILs) to
evaluate the desulfurization efficiency of the ILs under study. The mass fractions of the
diesel product were used to calculate the remaining PPM sulfur after varying the
number of extraction stages. The bottom product contains the IL and the extracted
sulfur compounds that is to be further processed in a regeneration unit to regenerate and

recycle the spent ILs.

5.2.1.2 Extractive regeneration. The extractive regeneration was carried out using n-
hexane as an extractant, n-hexane is used as a solvent for its attributes such as simple
recovery, non-polar nature, low latent heat of vaporization (330 kJ/kg) and good

selectivity towards ILs.
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The extractive regeneration works in the following manner. The bottom product
of the extractive desulfurization column (EDS) was fed into an extractive regeneration
(E-RE) column operated at 25°C. It is important to maintain the regeneration column
at a temperature that is below the boiling point temperature of hexane (69°C) to avoid

the need for high pressure to maintain the liquid phase.

In the case where high melting point ILs were used, the extractive
desulfurization was carried out at 100°C, a cooler (COOLER) was therefore added in
between the two extraction columns to cool the feed of the extractive regeneration

column. The PFD for the two arrangements can be seen in Figure 14 and Figure 15.
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IL+S >
HEXANE %
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ILREC

Figure 14: Extractive regeneration PFD (Low melting point ILs)
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Figure 15: Extractive regeneration PFD (high melting point ILs)
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5.2.2 Results

5.2.2.1 Extractive desulfurization using Low Melting point ILs. The extractive
desulfurization was carried out for 19 low melting point ILs at 25°C. Figure 16 shows

the total ppm sulfur remaining in the treated diesel for all 19 ILs.

Hill mil2 mIl3 mi4
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Figure 16: Total PPM sulfur remaining vs number of extraction stages for Low

melting point ILs

As the number of stages increased the sulfur content of the treated diesel

decreased for all ILs under study which is the expected trend.

5.2.2.2 Extractive desulfurization using High melting point ILs. The same
procedure is repeated for the 7 remaining high melting point ILs at 100°C, and the

results are shown in Figure 17.
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Figure 17: Total PPM sulfur remaining for high melting point ILs
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However, the performance of this configuration is assessed not solely on the
least amount of sulfur present in treated diesel. Other criteria such as IL cost, amount
of n-hexadecane (diesel) lost, amount of solvent left in recycle stream and amount of
IL lost during the regeneration stage are all of equal importance in the selection of the
most promising ILs. For this purpose, the selection of the most promising ILs and the

elimination process will be discussed in the following section.

5.2.2.3 ILs Extractive regeneration

5.2.2.3.1 Selection of ILs for extractive regeneration. All 19 low melting point
and 7 high melting point ILs were simulated using extractive desulfurization and
extractive regeneration using n-hexane. An approach was used to eliminate the ILs
based on their stability, sulfur extraction efficiencies, amount of n-hexadecane lost,
amount of n-hexane present in recycle stream and IL loss during the regeneration
process. For instance, ILs 18 and 21 were eliminated due to stability issues that arise
because they contain hexafluorophosphate anion, they are prone to hydrolysis in
presence of water to form hydrofluoric acid, a by-product that can be problematic in
terms of corrosion. More than 2000 ppm sulfur remaining after 3 stages of extraction
were reported with IL5-7, 9, 13, 20 and 22, hence, they were eliminated due to their
poor sulfur extraction abilities. In addition, ILs 1-4, 8,10,11,25 and 26 displayed more
than 2000 kg/hr of hexane in recycle stream, large amount of solvent present in recycle
stream would cause contaminants to enter the desulfurization extraction column, their
accumulation would interfere with the desulfurization efficiency and result in poor
extraction. Lastly, since recovering the most out of the ILs during the regeneration
process is of great importance, ILs that displayed more than 2 kg/hr loss of IL were
eliminated, namely IL12 and 24. The elimination process is further documented in

Table 18.

Hence out of 26 ILs only 6 ILs were chosen to be the most promising for this
configuration, all high melting point ILs were eliminated using the above approach and
6 low melting point ILs remained, namely, IL14, IL15, IL16, IL17, IL19 and IL23. The
performance of these 6 ILs was analysed by varying the desulfurization extraction
stages, amount of n-hexane present in recycle stream, amount of IL present in recycle

stream and amount of n-hexadecane lost through EDS.
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Table 18: Elimination of ILs based on a set of criteria for extractive regeneration

low melting point ILs

1L24

1001.46

High melting point ILs

94.82

Extractive . q
besufariation e ke
IL (number of stages) ¥ Relative
Hexane in Price ($/$)
3 stages 4 stages recycle IL in recycle IL loss
stream

IL1 365.03 286.36 202915.30 43.34 15.0
L2 342.52 268.38 186937.13 19.15 11.5
L3 1056.53 837.67 191356.76 16.00 52.6
L4 600.85 479.14 95135.74 0.02 21.7
L8 1210.13 772.47 111667.72 1.04 39.8
IL10 1096.70 497.68 150973.33 1.67 23.9

868.70 454.13 142686.14 11.02 30.5

0.00 95805.72

2> | o2 | see | oo | me
1302.26

74990.48 11.25 34.0
74990.48 0.76 46.0

76.74 60853.98 22.9
62883.00 0.00 18.6
93181.28 0.04 36.7
136202.55 0.93 101.6
78885.35 0.01 19.9

1.35 58757.85 38.9
70189.12 0.44

ILs with more than 2000 PPM sulfur remaining after 3 stages of extraction

ILs that displayed more than 2000 kg/hr of hexane in recycle stream
ILs that displayed more than 2 kg/hr loss of IL

The ILs prices are depicted relative to the current laboratory grade price of NMP ($108/kg)
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5.2.2.3.2 Varying the number of desulfurization extraction stages. For the
shortlisted 6 ILs the number of desulfurization extraction stages were increased from 3

stages up to 6, the results are shown in Figure 18.
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Figure 18: Total PPM sulfur vs. Extraction stages for the shortlisted ILs

The results for all shortlisted ILs followed the expected trend, as the number of
extraction stages increased the total ppm sulfur decreased. Ideally, it is desired to
proceed with the IL that depicts the lowest total sulfur post EDS, however, the
performance of the configurations in this study are assessed as a whole, therefore, other
criteria such as amount of extractant (n-hexane) and amount of IL in recycle stream
post regeneration and the amount of n-hexadecane (diesel) lost post EDS should not be
ignored. The extraction capacity of the sulfur compounds (solubility of sulfur
compounds in ILs) is a vital parameter in the EDS process, the capacities are shown in
Figure 19. According to the results obtained, the desulfurization efficiency is in the
order of IL23>IL14>IL15>IL19>IL16>IL17. The results of the desulfurization
efficiencies are relatively in agreement with those of the extraction capacity which
implies that ILs with larger extraction capacities result in higher desulfurization

efficiency.
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Figure 19: The capacity of ILs for sulfur components predicted using COSMOtherm

It can be seen that IL 23 has higher capacity towards thiophene, BT and DBT than IL17,
hence it displayed a higher desulfurization efficiency. This can be explained from
micro-level view with the help of sigma profiles. IL17 and 23 have the same cation but
different anions. The anions are thiocyanate and nitrate for IL17 and 23 respectively. It
can be seen in Figure 20 that the peaks of the anions are located in the polar region with
nitrate anion having higher polarity than thiocyanate. High polarity of cation and anion

results in high capacity for sulfur compounds and high desulfurization efficiencies

[105].

B —thi .
Z 10 thiocyanate cosmo
= 1-butyl-3-methyl-imidazolaum0.cosmo

8 = utrate cosmo

003 002  -0.01 0.00 0.01 0.02 0.03
ole/A2]

Figure 20: Sigma profiles of IL17 and IL23 for polarity analysis
69



5.2.2.3.3 Amount of n-hexane present in recycle stream post extractive
regeneration. Figure 21 summarizes the results obtained for the 6 shortlisted ILs in
terms of amount of n-hexane (extractant) present in recycle stream after 3 extraction

stages.
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Figure 21: Amount of n-hexane present in recycle stream for the shortlisted ILs

It is desired that the amount of extractant (n-hexane) should be as low as

possible to avoid the contamination of the EDS column with the extractant from E-RE.

5.2.2.3.4 Amount of IL lost post extractive regeneration. Figure 22 summarizes
the results obtained for the 6 shortlisted ILs in terms of amount of IL lost after 3

extraction stages.
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Figure 22: Amount of IL present in recycle stream for the shortlisted ILs

70



Ideally, we require that the maximum amount of IL to be present in recycle
stream and not lost with n-hexane and sulfur components stream during the
regeneration. This is necessary as ILs costs are high and maximum amount should be
retained for the regeneration to be deemed effective. Negligible losses of the ILs were

noted for all shortlisted ILs after E-RE.

5.2.2.3.5 Amount of n-hexadecane lost through EDS. Figure 23 summarizes the
results obtained for the 6 shortlisted ILs in terms of amount of n-hexadecane (diesel)

lost during EDS after 3 EDS stages.
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Figure 23: Amount of n-hexadecane lost during EDS for the shortlisted ILs

It is desired to maintain low amounts of loss in n-hexadecane for this
configuration to be efficient. Most of the shortlisted ILs depicted high amounts of n-
hexadecane loss with the exception of IL17 and IL23. In fact, loss of hydrocarbons is a
predominant issue faced with IL-assisted desulfurization and has been documented in
various works. This stems from the mutual solubility of ILs and diesel which is still a
major concern. It is recommended to screen the ILs based on the ones that display less
mutual solubility with n-hexadecane via COSMOtherm and to calculate the mutual
solubility of the ILs prior to carrying out the simulations [106]. As a result, it is
necessary to assess the solubility of n-hexadecane in ILs at early stages to avoid
increased separation costs associated with the recovery of dissolved n-hexadecane
(diesel). It can be seen in Figure 23 that the highest losses of n-hexadecane were
reported using IL14-16 and 19, these ILs also have the highest mutual solubility in ILs
as seen in Figure 24. On the other hand, IL23 the least soluble among the others, and it
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resulted in lowest n-hexadecane losses. It is apparent that the mutual solubility plays a
significant role in the loss of n-hexadecane. However, IL17 did not follow this trend,
this indicates that mutual solubility might not be the only factor that determines the

losses of n-hexadecane.
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Figure 24: Mutual solubility of n-hexadecane with ILs as predicted using
COSMOtherm

5.2.3 Discussion of results

5.2.3.1 Refinement of results. As it can be seen from Figures 18-24 and Tables
18-20 each shortlisted IL has its own advantages and disadvantages when employed in
this configuration.

Table 19: EDS and E-RE results summary

6 E-RE Stages %1 ¢
Recycle stream (kg/hr) o 0SS 0 Remaining PPM
q n-hexadecane
Shortlisted : Sulfur after 6
Hexane in . after 3 EDS
ILs IL in o EDS stages
recycle % IL loss stages
recycle

stream
IL14 1659.77 140873.95 1.61 92.59 44.85
IL15 1542.35 103786.18 0.02 96.05 21.59
IL16 309.01 71270.99 0.01 99.63 410.40
IL17 860.80 71030.16 0.00 0.02 546.51
IL19 456.63 81370.43 0.01 99.46 343.88
1L23 1644.67 72442.44 0.00 0.08 100.54
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Table 20: Discussion of the 6 shortlisted ILs for extractive regeneration using n-
hexane

Criteria 1L14 1IL15 1L16 1L17 1L19 1L23
n-hexane in
recycle

stream

% IL loss

% loss of
n-hexadecane

Remaining
PPM Sulfur
after 6 EDS
Stages

Negligible losses of IL were noted for all shortlisted ILs. IL14 and 15 resulted
in least amount of total PPM sulfur after 6 extraction stages but showed large amount
of n-hexane in recycle stream and most of the n-hexadecane was lost during the EDS.
The amount of n-hexane in recycle stream was low for IL16 and 19, however, the loss
of n-hexadecane (diesel) was still high and the EDS was not efficient enough. 1L23
results were satisfactory in terms of IL loss, n-hexadecane loss and remaining PPM
Sulfur after 6 EDS Stages. However, the amount of n-hexane was high which may
require additional separation unit to separate the n-hexane from the recycled IL hence
increasing the total cost of this process configuration. IL17 has the potential to be
implemented within this configuration as it has shown the best performance with
respect to loss of valuable products such as IL and n-hexadecane as well as low amounts

of n-hexane in recycle stream. However, for IL17, high total PPM sulfur (546.51 PPM)
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was observed post EDS, this suggests that the E-RE technique works well with the said
IL, but consideration should be given to optimizing the EDS section. This could be
done through increasing the number of stages of the EDS column, carrying out several
EDS in series or through coupling it with a different desulfurization method to achieve
the desired level of desulfurization. Furthermore, consideration should be given to
separate the sulfur compounds from the regeneration solvent (n-hexane), this could be
done through an additional separation unit such as distillation. Therefore, after several
simulations and refinement of results IL17 namely 1-butyl-3-methylimidazolium

thiocyanate 1s the most promising IL for this configuration.

5.2.3.2 Process optimization using IL17 (Extractive regeneration). Since the
only issue with IL17 that is operated at 6 EDS stages at 25 °C and 1.01325 bar is the
total PPM sulfur remaining is high, the process was optimized by varying the number
of extraction stages to see how many extraction stages are required to obtain ULSD.
Increasing the EDS column up to 14 stages resulted in 107.52 PPM total sulfur. To
obtain ULSD, it is necessary to operate several extractors in series. Table 21
summarizes the results using several extractors in series which are all operated at 25°C

and 1.01325 bar.

Table 21: Results using several extractors in series

Configuration 3 stages 4 stages 6 stages 8 stages
2 extractors in series 24870 12236 49.21 33.87
equal number of stages
3 extractors in series 45.56
equal number of stages
4 extractors in series
equal number of stages

21.88 12.65 11.26

11.42 6.53

In addition, since the extraction favors high operating pressures and
temperatures, both parameters were increased to study their effect. Increasing the
pressure of the EDS column had little to no effects of the desulfurization efficiency.
Furthermore, despite that it had been reported in many literature findings that increasing
the temperature will have a positive impact, the contrary was observed in this study.
Increasing the extraction temperature resulted in a decrease in the desulfurization
efficiency using the reported ILs. This could be attributed to the fact that laboratory

experiments results might have been tabulated prior to reaching equilibrium. Therefore,
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reported literature results in which the desulfurization efficiency increases with
increasing the temperature have not accounted for equilibrium considerations.
Furthermore, ASPEN Plus takes equilibrium into account, all results are exhibited when
equilibrium is reached, as a result, if experimental work is to be performed, the time
required to reach equilibrium from the simulation can be estimated to better conduct
the experiment and avoid such error. The PFD of the optimized EDS and E-RE using
IL17 is shown in Figure 25

= DIESEL4
% [EsEL4 ]

DIESEL2

Figure 25: Optimized EDS ad E-RE using IL17

To sum up, for this configuration to work, it is required to use IL17 (1-butyl-3-
methylimidazolium thiocyanate) using 4 EDS columns in series (4 stages each) all
operated at 25 °C and 1.01325 bar. The loss of n-hexadecane increased from 0.02% to
0.06% which is still very low and can be considered negligible. The E-RE using n-
hexane is carried out using a 3 stages extraction column operated at 25 °C and 1.01325
bar. The E-RE was effective in the removal of DBT from the IL without any loss in the
IL and the removal of thiophene and BT were moderate. It is important to note that
using 3 stages extractive regeneration column resulted in the extraction of 42%
thiophene, 55% BT and 90% DBT. This means that E-RE is effective in the removal of
DBT from IL-Sulfur stream but thiophene and BT removal is rather challenging. This
can be explained by the relative mass solubility of n-hexane to thiophene, BT and DBT.
It can be seen in Figure 26 that DBT is more soluble in n-hexane than thiophene and
BT, the sulfur compounds (DBT) that are soluble in n-hexane are dissolved leaving the
less soluble (thiophene and BT) ones behind. The relative mass solubility is in the order
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of DBT >BT > thiophene which is consistent with the removal rates of 90%, 55% and
42% DBT, BT and thiophene respectively.
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Figure 26: The relative mass solubility of n-hexane to thiophene, BT and DBT

Furthermore, since the IL increased by a ratio of 4, the amount of n-hexane was
increased by the same factor during the regeneration process and the amount on n-
hexane in the recycle stream remained unchanged (2.7%). It is true that increased
operating costs are attributed to the use of this optimized configuration due to the
requirement of an increased amount of IL and n-hexane, however, the regeneration of
the IL was effective. Furthermore, n-hexane could be regenerated by stripping away the
sulfur components or through distillation making this process configuration self-
sufficient. In this configuration, the sulfur components were removed from n-hexane
through a 15 stages distillation column operated at atmospheric conditions. 100%
removal of BT and DBT from n-hexane were achieved using distillation, but thiophene
amount remained as high as 80% in the treated hexane stream. The reason why
hexane/thiophene separation was difficult to achieve via distillation is that hexane-
thiophene forms an azeotrope [107]. This suggested that other separation techniques
need to be explored for the removal of sulfur compounds from n-hexane. Furthermore,
increased capital costs are required for installation of 4 EDS columns and 1 E-RE
column as opposed to HDS which requires fewer separation columns and less capital
costs. However, this cost is compensated by the fact that all the equipment in this
configuration are operated at ambient conditions this balances out the extra energy costs
required by the harsh operating conditions and excess hydrogen consumption
associated with HDS.
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5.3 EDS Followed by Regeneration Through Nitrogen Stripping or Air Stripping

5.3.1 Simulation methodology. The regeneration was conceptualized using
nitrogen as a stripping media using IL17 based on the promising results that were
obtained from EDS and E-RE. The bottom product of the extractive desulfurization
column (EDS) was fed into the regeneration section. The regeneration using nitrogen
as stripping media was simulated using RadFrac column (S-RE) operated without any
condenser or reboilers at multiple temperatures, pressures, nitrogen flowrates and
number of stages. In addition, the nitrogen and sulfur components were separated by
the use of a condenser (cooler) to condense the sulfur compounds from the gas phase
followed by a flash separator operated at 25° C and 10 bar to separate the condensed
sulfur from the nitrogen stream. Figure 27 shows the PFD of the regeneration using

nitrogen as stripping media arrangement.
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Figure 27: Regeneration using Nitrogen as Stripping media PFD

The same arrangement shown in Figure 27 was followed for air stripping where
the mole fractions were specified as 0.79 Nz and 0.21 O. The effects of varying the
column pressure, nitrogen flowrate, temperature and number of stages were analyzed
using IL17 and nitrogen as a stripping media. Once these effects were analyzed, the
nitrogen flowrate and operating pressure were fixed and the temperature was varied for
the rest of the ILs under study. The results were extended to using air as a stripping
media to study the effectiveness of each stripping media on the removal of thiophene,

BT and DBT from the spent IL.
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5.3.2 Results

5.3.2.1 Selection of ILs for regeneration using stripping. A systematic
approach was followed to eliminate ILs that are not suited for this study. Certain ILs
were eliminated based on their stability, sulfur extraction efficiencies and system

convergence, this can be seen in Table 22.

Table 22: Elimination of ILs based on a set of criteria for regeneration by stripping

o Eyftractive Desulfurization Relative price (5/5)
3 extraction stages

365.03 15.0
342.52 11.5
1056.53 52.6
600.85 21.7
1210.13 39.8
IL10 1096.70 239
IL11 868.70 30.5
% _ 4334.07 32.3
'é IL14 777.07 22.1
2| ILis 854.25 27.0
TE’ IL16 1103.59 28.7
E IL17 1624.85 19.4

743.64

1001.46
94.82

High melting point ILs

hexafluorophosphate: eliminated due stability issues (hydrolyzes in presence of water to form HF)
ILs with more than 2000 PPM sulfur remaining after 3 stages of extraction

Extractive desulfurization beyond 4 stages was not possible (System did not converge in 200 iterations)
The ILs prices are depicted relative to the current laboratory grade price of NMP ($108/kg)

Hence out of 26 ILs only 9 are suited for further studying for this configuration.
All high melting point ILs were eliminated using the above approach and 9 low melting
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point ILs remained, namely I1L03, IL10, IL11, IL.14, IL15, IL16, IL17, IL19 and 1L23.
IL17 performance was examined using this configuration by varying the column

pressure, nitrogen flowrate, temperature and number of stages.

5.3.2.2 Varying stripping column pressure. It is favourable to operate stripping
columns at low pressures. The pressure effects on the removal of Thiophene, BT and
DBT from the spent IL stream were analysed at constant temperature and nitrogen
flowrate (25°C. and 100 mol/s N») using 6 stages stripping column. It can be seen in
Figure 28 that as the stripping column operating pressure is decreased the amount of
thiophene and BT in IL recycle streams decreased. Pressure of effects on DBT were

negligible in comparison to Thiophene and BT.
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Figure 28: Pressure effects on the removal of Thiophene, BT and DBT (Regeneration
using Nitrogen Stripping)

5.3.2.3 Varying nitrogen flowrate. The nitrogen flowrate was increased

gradually at constant temperature and pressure (25°C, 0.05 bar) as shown in Figure 29.
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Figure 29: Nitrogen flowrate effects on the removal of Thiophene, BT and DBT
(regeneration using nitrogen stripping)
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Increasing nitrogen flowrate into the column reduced the amount of thiophene

and BT in recycle stream and had negligible effect on DBT.

5.3.2.4 Varying stripping column temperature. The temperature of the
stripping column and feeds were increased gradually at a constant pressure and nitrogen
flowrate (0.05 bar, 700 mol/s). The results shown in Figure 30 clearly show that

temperature rise has a significant effect on the removal of BT.
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Figure 30: Temperature effects on the removal of Thiophene, BT and DBT
(regeneration using nitrogen stripping)

5.3.2.5 Varying stripping column number of stages. Increasing the column
number of stages at constant temperature, pressure and nitrogen flowrates (80°C, 0.05
bar, 700 mol/s) had a positive impact on the removal thiophene and BT and negligible

effects on the removal of DBT. This can be seen in Figure 31.

Variable Number of Stages
100.000% W Thiophene

mBT
80.000% mDBT
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20.000%
0.000%
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% in recycle stream

Figure 31: Effect of increasing number stages on the removal of Thiophene, BT and
DBT (regeneration using nitrogen stripping)
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Trace amounts of thiophene were noted at 3 stages because operating at low pressures
and high nitrogen flowrate were sufficient to remove most of the thiophene. The
thiophene had been completely removed from the spent IL by moving to a 4 stages

column.

5.3.2.6 Extension of the findings to the remaining ILs. The column number of
stages, pressure and the nitrogen flowrates (6 stages, 0.085 bar, 121 mol/s) were fixed
for the rest of the ILs and the temperature was varied until a maximum temperature is
reached beyond which further increase in temperature causes the stripping column
stages to dry up and the simulation fails to converge. The percentages of remaining
sulfur compound in the IL recycle are tabulated in Table 23. It can be seen that the
increased difficulty in the removal of DBT is a concern and has been noted with all 9

ILs under study.

Table 23: Percentages of remaining sulfur compound in the IL recycle post nitrogen

stripping
IL 1L03 1L10 IL11 1L14 IL15 IL16 1L17 1L19 IL23
Max. Temp 185°C 200°C 175°C | 180°C | 140°C | 110°C | 137°C 120°C | 145°C
Thiophene (%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
BT (%) 0.25 0.00 0.04 0.00 0.46 2.21 0.18 1.03 0.09
DBT (%) 83.27 30.10 75.52 58.90 86.54 91.11 82.80 89.12 80.13

5.3.3 Discussion of results

5.3.3.1 Refinement of results. According to the results, the column operating
pressure, nitrogen flowrates and temperature were all key parameters in the removal of
thiophene, BT and DBT from the spent IL fed to the regeneration column. Decreasing
column operating pressure enhanced the amounts of thiophene and BT in recycle
stream. As the column pressure decreased, the amount of thiophene and BT in recycle

streams decreased.

Pressure effects on DBT were negligible in comparison to thiophene and BT. Similarly,
increasing nitrogen flowrate into the column reduced the amount of thiophene and BT
in recycle stream and had negligible effect on DBT. Reducing the column pressure had
a stronger effect on the removal of thiophene while increasing the nitrogen flowrate had

a stronger effect on BT and DBT removal. In addition, increasing temperature
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significantly improved the stripping of the heavier sulfur compounds BT and DBT. The
effects of changing these parameters can be more felt by referring to Table 24. Hence,
it can be concluded that stripping of thiophene could be easily achieved by fixing the

pressure and the nitrogen flowrates.

Table 24: Effects of varying operating parameters on the removal of Thiophene, BT
and DBT from spent IL stream (regeneration using nitrogen stripping)

% Increase in the removal of

Variable Thiophene BT DBT
Reducing the pressure by half 8.5563% 0.5477% 0.0055%
Doubling the nitrogen flowrate 0.4150% 1.0728% 0.0107%
Doubling the temperature 0.0000% 34.2845% 0.6133%

Since the temperature was a key variable in determining the stripping efficiency
of BT and DBT, the column number of stages, pressure and the nitrogen flowrates were
fixed for the rest of the ILs as tabulated in Table 23. To summarize, 11.03,11,14,15,16
and 19 cannot be coupled with EDS since significant amount of n-hexadecane was lost
using this configuration and a large amount of DBT remained in the IL recycle post
regeneration. IL10 has the potential to be regenerated using nitrogen stripping since it
displayed lowest amount of DBT in recycle stream in comparison to other ILs but it has
to be coupled with a desulfurization process other than EDS due to significant loss of
n-hexadecane. All 9 ILs under study resulted in poor removal of DBT. DBT has low
volatility and high boiling point (332.5 °C) in comparison to thiophene (84.4 °C) and
BT (221 °C) hence it is difficult to remove using nitrogen stripping. The only two ILs
that have the potential to be used under EDS and nitrogen stripping regeneration are
IL17 and 23 solely due to the fact that these two ILs have resulted in lowest losses of
n-hexadecane. IL17 and 23 both had a large amount of DBT post nitrogen stripping;
therefore, it is suggested that their regeneration should be coupled with extractive
regeneration. The extractive regeneration could be performed prior to nitrogen stripping
to remove the most of the thiophene, BT and DBT and their traces could be removed
by a subsequent nitrogen stripping column. Recalling that IL23 cannot be used in E-RE
due to high amount of n-hexane present in recycle stream, it can be concluded that IL.17

namely 1-butyl-3-methylimidazolium thiocyanate is the most promising IL for all
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configurations that were under study. A summary table of these findings can be seen in

Table 25.

Table 25: Discussion of the 9 shortlisted ILs for regeneration using nitrogen stripping

5.3.3.2 Process optimization using IL17 (stripping). 1L17 was further

optimized by varying the pressure, the lowest pressure that the column could be
operated was found to be 0.08 bar, maximum temperature was 137°C and maximum
nitrogen flowrate is 121 mol/s through which 100% of thiophene, 100% BT and 18.7%
of DBT were stripped. Negligible differences were noted using air as a stripping media.
100% thiophene, 100% BT and 18.16% DBT were stripped using the same optimized

conditions as nitrogen stripping.

It can be deduced that air stripping and nitrogen stripping both give off the same

results and either of them could be used as a regeneration approach. It can be seen that
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DBT is the hardest component to strip in comparison to thiophene and BT. The method
used for the separation of nitrogen and sulfur components (condensation followed by
flash separation) resulted in the removal of 84% thiophene, 99.95 BT and 100% DBT
from the nitrogen/air stream. The US EPA standards limit the sulfur emissions from
waste gas to less than 2,500 ppmv [108], the proposed sulfur recovery method results
in 595 ppmv in the waste gas stream. Therefore, separation using this technique was
efficient and no further treatment is required. Furthermore, since the removal of DBT
using nitrogen or air stripping was not efficient, regeneration using nitrogen or air
stripping may not be the ideal process for the regeneration of ILs post extractive
desulfurization. It can depict better results when coupled with oxidative desulfurization
since the dibenzothiophenes are released as dibenzothiophene-oxides (sulfones) which
are easier to strip. Another suggested method is to couple it with E-RE to remove most

of the DBT prior to S-RE.

5.4 Combination of EDS, E-RE and S-RE

The results from sections 5.2 and 5.3 suggest that operating several extractive
desulfurization columns in series along with combined extractive regeneration and
regeneration through stripping would result in high desulfurization efficiency, minimal
losses of n-hexadecane and ILs as well as negligible amounts of contaminants (n-

hexane, thiophene, BT and DBT) in IL recycle stream. Recalling the following:

e cxtractive desulfurization columns operated in series at ambient conditions
(25°C, 1.01325 bar) resulted in 6.53 PPM total sulfur.

e A 3-stage extractive regeneration column using n-hexane at ambient conditions
(25°C, 1.01325 bar) resulted in the removal of 42% thiophene, 55% BT and
90% DBT from IL recycle stream.

e A 3-stage regeneration column through nitrogen stripping removed 100%

thiophene, 97% BT and 17% DBT at 0.085 bar and 137°C.

It can be concluded that extractive regeneration could compensate for the low DBT
removal associated with the use of nitrogen stripping regeneration. Similarly,
regeneration using nitrogen as a stripping media could compensate for the fairly low
thiophene and BT removal from the IL recycle stream. This suggests that if an overall

process is designed using the above findings, a solution to all concerns discussed could
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be proposed. The overall process was simulated using IL.17 in ASPEN Plus as per the
PFD shown in Figure 32.

DIESEL4 |—<>

E-DS3
=

DIESEL2

HEXANE+S

Figure 32: Proposed overall desulfurization and regeneration process using IL17

The suggested process can achieve ULSD with only 6.53 PPM total sulfur from
a 10,500 PPM total sulfur feed. The combined regeneration technique resulted in 100%
IL to be recycled containing 0% thiophene, 10% BT and 12% DBT. The total flowrates

and operating conditions of the key streams can be found in Table 26.

Table 26: Key streams flowrates for the proposed overall desulfurization and
regeneration process using 1L17

n-hexane + Not+ IL
IL Total . n- .
Feed Feed Diesel H extracted N; stripped recycle
ee exane Sulfur Sulfur Stream
Mass Flows | 70916 | 284121 | 75530 | 124095 122564 12203 | 16739 284501
(Kg/hr)
- 75579 0 75527 0 51 0 0 0
hexadecane
Thiophene 347 0 0 0 145 0 201 0
BT 2908 0 0 0 1608 0 929 371
DBT 83 0 3 0 72 0 1 8
1L17 0 284121 0 0 0 0 0 284121
n-hexane 0 0 0 124095 120688 0 3407 0
Nitrogen 0 0 0 0 0 12203 12201 2
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5.5 Possible Sources of Error in Simulation Results

The possible sources of error in simulation results are summarized as follows:

Parameters such as normal boiling points, critical properties, CPIG and CPLDIP
necessary for the database creation and use of COSMO-SAC property model in
ASPEN Plus were calculated using group contribution methods and models.
The simulations were carried out under the assumption that these methods and
models are accurate, while in reality, all models have a certain degree of error
associated with their use.

The viscosity of the ILs under study were not taken into consideration. The
viscosities are important in determining the stage efficiencies of the columns.
All simulations were carried out assuming 100% stage efficiencies and
ultimately pilot plant studies are required where higher number of stages will
be required based on carefully predicted stage efficiencies.

With regards to the results obtained with S-RE, it was noted that DBT removal
is rather challenging in part due to its low volatility and high boiling point.
According to the simulation results, some of the DBT was removed, this is
mainly due to the fact that ASPEN Plus simulations did not take into
consideration the kinetics. The simulations were conducted solely based on
thermodynamic relationships and that is why eventually some of the DBT was

removed.
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Chapter 6. Conclusions, Recommendations and Future Work

6.1 Conclusions

Several drawbacks have been associated with the currently used method for diesel
desulfurization; namely hydrodesulfurization. The process requires high operating
temperatures and pressures and excessive hydrogen amounts. High operating
temperatures cause excessive decay of the Nickel molybedenum and cobalt molybedum
catalysts leading to interrupted operations due to catalyst replacement and regeneration.
Furthermore, these harsh operating conditions and the requirement for large amounts
of hydrogen makes this process energy intensive. In addition, hydrodesulfurization was
proven ineffective in the removal of high MW sulfur compounds such as BT and DBT
at the currently employed operating conditions. 100% desulfurization was proven to be
thermodynamically viable using hydrodesulfurization, however, this would lead to 2
times increase in capital cost, 3 times increase in catalyst cost, 1.5 increase in hydrogen
consumption and 3 times increase in energy demand. Due to their desirable properties
such as low volatility, high chemical and thermal stabilities, tunability and mild
operating conditions, ILs have emerged as promising extractants and catalysts for the
removal of sulfur containing compounds from diesel. Whilst hydrodesulfurization was
proven ineffective in the removal of high MW sulfur compounds, the use IL-assisted
processes have been demonstrated as feasible in laboratory studies. The regeneration of
ILs could be operated using simple to operate and low-cost processes such as extraction

and stripping.

The desulfurization of diesel using ILs and the regeneration of spent ILs have
been widely researched on an experimental basis with limited research conducted on
their industrial scale feasibility, due to lack of integration into process simulators such
as ASPEN Plus. The main challenges to the conceptualization of an optimized industrial
scale process are the incorporation of ILs into component databases of known process
simulators such as ASPEN Plus and complementing the desulfurization process with

appropriate regeneration method to avoid loss of expensive ILs.

In this work, the quantum and statistical thermodynamic calculations and
property estimations methods have been successfully combined to generate an IL
database that contains all properties necessary for simulating IL processes in ASPEN
Plus using COSMO-SAC property package for a total of 26 ILs. The MWs, densities,
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normal boiling points, critical properties, CPIG and CPLDIP were all estimated using
Vallderama et al. property estimations approach. COSMOtherm was used to obtain
COSMO volumes and sigma profiles of all components in the system. The use of
COSMO-SAC model serves as a priori prediction tool without relying on available
experimental data which enabled us to proceed with ASPEN plus simulations without
conducting any experimental work and by merely comparing the results to data
available from literature. The method showed agreement with the available data in

literature and the consistency check has been validated as described in 0.

Moving forward, the EDS configuration was studied for 26 commercially
available ILs and complemented with 3 regeneration methods: extractive regeneration
using n-hexane, regeneration through nitrogen stripping and regeneration through air
stripping. An elimination technique was implemented for all processes under study
which resulted in 6 possible ILs for extractive regeneration and 9 ILs for regeneration
using nitrogen or air stripping. For the 6 ILs under study in extractive regeneration, the
number of extractive desulfurization stages were varied and their effect on the
desulfurization efficiency and the amount of n-hexadecane lost were examined. The
amount of IL and extractant (n-hexane) in recycle stream were also studied. These
criteria enabled us to determine the most promising IL for this configuration, namely,
IL17 (1-butyl-3-methylimidazolium thiocyanate). This IL has shown the lowest amount
of n-hexadecane loss in comparison to other ILs under study post extractive
desulfurization. It is desired to maintain minimum losses of n-hexadecane as it
represents the main product (diesel). Furthermore, the amount of n-hexane present in

recycle stream post E-RE was relatively low and zero losses of IL were observed.

Despite being the best option, IL17 still showed high total PPM sulfur in treated
diesel stream, this suggests that the E-RE technique works well with the said IL but
consideration should be given to using other desulfurization techniques or to optimizing
the EDS section. This could be done through increasing the number of stages of the
EDS column, carrying out several EDS in series or through coupling it with a different
desulfurization method to achieve the desired level of desulfurization. In addition, E-
RE using the said method was efficient in the removal of DBT and fair in the removal
of thiophene and BT from the spent IL stream. This demonstrates that E-RE using n-

hexane is a good technique in the removal of stubborn DBT.
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On the other hand, regeneration using nitrogen as a stripping media resulted in
complete removal of thiophene and BT but the removal of DBT from the spent IL
stream was challenging for all 9 ILs under study using this configuration. In the
regeneration using nitrogen as a stripping media IL.17 was suggested again as the most
promising IL. The effects of pressure, temperature, nitrogen flowrate and stripping
column number of stages were analysed. It was found that thiophene and BT were easily
stripped from the spent IL stream at pressures below 1 bar and nitrogen flowrates of no
more than 100 mol/s. The removal of DBT was the most challenging and it was found
that the temperature was the key parameter that determines the removal of high MW
sulfur compounds (BT and DBT). In addition, no improvement in the regeneration was
noted when air was used as a stripping media and the results were very similar to the

ones obtained using nitrogen.

Furthermore, the separation of the sulfur components from the
extractant/stripping media should be taken into consideration. The separation of the
sulfur components in E-RE was carried out using a distillation column operated at
atmospheric conditions (25°C and 1.01325 bar). This separation method resulted
complete removal of BT and DBT. However, the method resulted in 80% of thiophene
to be entrained with n-hexane. This suggested that other techniques should be explored
for the separation of n-hexane from sulfur. In S-RE, the separation of sulfur components
from nitrogen/air was achieved through condensation and flash separation at 25°C and
10 bar. The method resulted complete removal of BT and DBT with only 16% of

thiophene remaining in nitrogen/air stream.

In summary, the results indicate that IL17 is the most promising IL among all 26
ILs under study in terms of EDS, E-RE and S-RE. As a result, an optimized diesel
desulfurization process that is a combination of all configurations understudy has been
proposed. This was necessary to obtain ULSD, complete removal of thiophene, BT and
DBT from spent IL stream without imposing contaminants such n-hexane, and with
minimum losses of n-hexadecane. The proposed process was able to achieve ULSD
with 6.53 PPM total sulfur, 0.06% loss of n-hexadecane, 100% IL was recycled and the
recycled stream contained 0% thiophene, 10% BT and 12% DBT.

In conclusion, it is important to carry out a detailed economic study on

implementing the proposed process or any of the configurations discussed in order to
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fully validate the potential of industrializing the studied configurations. The qualitative
economic analysis depicted in Table 27 suggests that the proposed process has
significant advantages in terms of desulfurization efficiency and environmental impact.
The process provides a technically feasible and environmentally benign alternative to
hydrodesulfurization. However, the challenge lies in the trade-off of capital and
operating costs. The loss of IL is the most critical economic consideration for IL-
assisted processes. However, the success of complete IL regeneration achieved by the

proposed process will likely make the process economically feasible.

Table 27: Qualitative economic and environmental analysis of alternative process
configurations for desulfurization of diesel

o . EDS followed by EDS followed Combined
Criterion HDS E-RE by S-RE Process
.. | Effective in the Effective in the Effective in the
Inefficient in . . .
o removal of high removal of high | removal of high
Desulfurization the removal
. MW sulfur MW sulfur MW sulfur
efficiency of BT and
DBT compounds such compounds such | compounds such
as BT and DBT as BT and DBT as BT and DBT
High — Additional | 1€~ High — Additional
. . Additional . .
. extraction units are . . extraction units
Capital Cost . . extraction units .
required to achieve are required to are required to
ULSD achieve ULSD achieve ULSD
Medium energy
requirements: Medium energy
Ambient requirements:
Energy . .
. T operating Ambient
intensive: . .
.| conditions are operating
harsh Low energy costs: . .
. . . required for conditions are
operating Ambient operating . .
. . extraction required for
conditions conditions are .
. . columns, low extraction
. are required, | required for all
Operating Cost . . pressures and columns, low
high equipment, ILs are | 7.
. . high pressures and
consumption | effectively .
. temperatures high temperatures
of H, which | regenerated and . .
. required for required for
is not recycled L L
. stripping column, | stripping column,
efficiently .
recycled ILs are ILs are effectively
effectively regenerated and
regenerated and | recycled
recycled
High H; Low Low Low
Environmental consumption | environmental environmental environmental
Considerations and energy impact, IL fully impact, IL fully impact, IL fully
intensive recycled recycled recycled
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6.2 Recommendations and Future Work

The simulation of IL-based desulfurization and IL regeneration processes
within ASPEN Plus can be achieved by using the COSMO-SAC approach
combined with key thermodynamic parameters that can be estimated using
group contribution methods and COSMOtherm. This work has presented the
results using 26 commercially available ILs, numerous combinations of ILs can
be further examined using the same approach.

This work has been conducted based on experimental results obtained from
literature, more experimental validation for the ILs that were under study is
recommended.

It is recommended to examine the mutual solubility of IL/n-hexadecane using
IL screening tools such as COSMOtherm prior to simulating random ILs to
ensure that n-hexadecane losses are minimized.

The use of extraction to achieve ULSD provides a technically feasible and
environmentally benign alternative to HDS. Efforts to simulate alternative
desulfurization processes such as ODS need to be extended using the same
approach.

The performance of extractants other than n-hexane can be examined with
extractive regeneration. Such extractants include pentane and cyclohexane.
The separation of the extractant (n-hexane) from the sulfur components using
distillation has been explored in this work and has been proven ineffective in
the removal of thiophene. Other separation techniques should be investigated to
ensure efficient separation of extractant from sulfur components.

The viscosity of the ILs under study were not taken into consideration. The
viscosities are important in determining the stage efficiencies of the columns.
All simulations were carried out assuming 100% stage efficiencies and
ultimately pilot plant studies are required where higher number of stages will
be required based on carefully predicted stage efficiencies.

In this work, a qualitative economic analysis was presented, it is necessary to
validate the assumptions using a detailed economic analysis for the proposed
configurations against the existing HDS process to scrutinize the possibility of

industrialization of the proposed configurations.
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Appendix

Appendix A: List of ILs under study and their assigned IDs

IL# Cation Anion

1 | Trihexyltetradecylphosphonium bromide

2 | Trihexyltetradecylphosphonium chloride

3 1-Dodecyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
4 | 1-ethyl-3-methylimidazolium diethylphosphate

5 1-butyl-3-methylimidazolium chloride

6 | 1-decyl-3-methylimidazolium chloride

7 | 1-Dodecyl-3-methylimidazolium 1odide

8 1-decyl-3-methylimidazolium tetrafluoroborate

9 1-butyl-3-methylimidazolium bromide

10 | 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
11 | Butyltrimethylammonium bis(trifluoromethylsulfonyl)imide
12 | 1-butyl-3-methylimidazolium iodide

13 | choline acetate

14 | 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
15 | 1-butyl-3-methylimidazolium trifluoromethanesulfonate

16 | 1-ethyl-3-methylimidazolium tetrafluoroborate

17 | 1-butyl-3-methylimidazolium thiocyanate

18 | 1-Butyl-3-methylimidazolium hexafluorophosphate

19 | 1-Butyl-3-methylimidazolium tetrafluoroborate
20 | 1-ethyl-pyridinium tetrafluoroborate
21 | l-ethyl-3-methylimidazolium hexafluorophosphate
22 | 1-Butyl-3-methylimidazolium hydrogen sulfate
23 | 1-Butyl-3-methylimidazolium nitrate
24 | 1-butyl-3-methylimidazolium dicyanamide
25 | I-butyl-1-methylpyrrolidinium dicyanamide
26 | 1-Ethyl-3-methyl-imidazolium thiocyanate
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Appendix B: Summary of the various factors/conditions studied via Simulation

ILs
integration
into ASPEN
PLUS,

4 Process Configurations

L

r

3

4

| Extractive desulfurization |

Factors studied

The extractive desulfurization
of 26 Commercially ILs was
studied.

Results and conclusions

Cations/anions that have
higher polarity result in high
capacity for sulfur compounds
and high desulfurization
efficiencies.

Amount of n-hexane in recycle
stream.

Extractive Regeneration

Diesel losses.

Mutual solubility plays a
significant role in the loss of n-
hexadecane (Diesel). ILs with
high mutual solubility with
diesel result in higher diesel
losses.

Amount of sulfur compounds
extracted by n-hexane.

IL17 was among the ILs that
displayed lowest amounts of n-
hexane in recycle stream.
Relative mass solubility of n-
hexane to thiophene, BT and
DBT determines the extraction
efficiency of n-hexane towards
the sulfur components.

| Regeneration using Stripping |

Decreasing stripping column
operating pressure.

Increasing nitrogen flowrate.

Factors studied Results and conclusions Factors studied Results and conclusions

Effects on DBT were negligible
in comparison to Thiophene
and BT.

Increasing stripping column
operating temperature.

Temperature rise has a
significant effect on the
removal of BT

h

Combined process

Factors studied

EDS was optimized for the
chosen IL through running

several E-DS columns in series.

Results and conclusions

The proposed process achieved
ULSD with 6.53 PPM total
sulfur and 0.06% loss of diesel.

IL loss post regeneration.

Negligible losses of ILs were
noted for all shortlisted ILs post
extractive regeneration using
n-hexane.

Varying stripping column
number of stages.

Displayed a positive impact on
the removal thiophene and BT
and negligible effects on the
removal of DBT

Treatment of spent n-hexane
was performed through
distillation.

N-hexane/thiophene
separation was difficult to
achieve via distillation because
hexane-thiophene forms an
azeotrope.

Treatment of spent nitrogen
was performed through
condensation followed by flash
separation.

The method resulted in
complete removal of BT and
DBT and 84% thiophene from
the nitrogen stream

E-RE and 5-RE were combined

to efficiently regenerate the IL.

The combined regeneration
technique resulted in 0% loss
of the IL and removed 100%
thiophene, 90% BT and 88%
DBT.

Performance of n-hexane in
the extraction of thiophene, BT
and DET.

The E-RE was more effective in
the removal of DBT in
comparison to thiophene and
BT.

Performance of nitrogen in the
stripping of thiophene, BT and
DBT.

Thiophene and BT were easily
stripped using nitrogen. DBT
has low volatility and high
boiling point in comparison to
thiophene and BT hence it is
difficult to remove using
nitrogen stripping.
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Using air instead of nitrogen as
a stripping media.

Negligible difference was
noted in the stripping process
when air was used instead of
nitrogen.
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