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ABSTRACT

In this work we examined the industrial scale extraction process of ultra-low sulfur diesel with the help of simulation
software ASPEN Plus®. This work focuses on the [Cnmim] [BF4] (imidazolium-based) ionic liquid and employed it in
the extractive desulfurization of the dibenzothiophene (DBT) from the model diesel fuel under a very mild process
condition. UNIFAC (uniquasi functional activity) was chosen as the thermodynamic method to model the ionic liquid
on ASPEN Pluswe and different physical and chemical properties were then taken from the literature to be incorporated
in the simulation model. Different parametric analysis was studied for the removal of thiophene-based compounds from
the model diesel. The results acquired shows the significance of imidazolium-based ionic liquids (ILs) for the
extraction of S-contents from the liquid fuels at an optimal process conditions of 40 °C and 2 bar pressure with the 2.8:
1 ratio of ionic liquid and model diesel which validates the experimental results obtained previously in the literature.
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1. Introduction

During the past few years scientists have started to work more towards the environmental issues and bringing
alternatives to control the emissions from the fuel products. These measures were taken in light of the new world
environmental policies regarding the reduction of the sulfur-containing compounds from the fuel products [). Therefore
a number of countries have developed a very stringent policy in this regard in recent past the environmental protection
agency in the united states of America has set the limit of 15 ppm of sulfur content in the diesel used by the vehicles -
4. The European union has also applied a very stringent policy in 2005 which stated that the sulfur content in the diesel
fuel to be around 50 ppm ¢ The main reason for adopting this strict rules is because of the fact that sulfur emissions
from different fuel products affects human health and also have a great impact on the overall environmental conditions
as well (121, The release of these sulfur content causes acid rains, ozone depletion and affects the human respiratory
system 81, Sulfur present in these liquid fuels inhibits the pollution-controlling equipment in vehicles (i.e. deactivation
of the automotive catalyst converter) which leads to the release of the toxic and volatile organic compounds into the
atmosphere 9], Taking these factors into account refining needs to work more towards the sulfur content removal from

the fuel products in the view of the environmental protection agency policies !,

Currently the most classical technology used by the refineries for the sulfur removal is the hydrodesulfurization (HDS)
technology. This technology utilizes the hydrogenation treatment of the aromatic compounds (such as benzothiophene,
dibenzothiophene, thiophene, 2-butylbenzothiophene and their derivatives) since they are the ones which are present at
the highest concentration in the refinery streams compared to the aliphatic compounds [7:122%3% Nowadays the
conditions employed by the refineries for sulfur content removal are processed under the extreme temperature and
pressure conditions, large volumes for the reactor and with the help of an active catalyst 33341, The purpose of HDS is
to convert the sulfur compounds to H>S and hydrocarbons. But some alkylated derivatives of thiophene are quite resis-
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tant to hydrotreatment and difficult to remove by the HDS. So the removal of theses sulfur contents from the fuel
amounting is increasing the cost of processing and also attributes in the high amount of energy and consumes a large
amount of hydrogen. Sulfur removal by HDS currently requires upgradation to the present technology existing. Various
new options have been considered for the deep desulfurization of the fuels such as reactive distillation, oxidative
desulfurization, adsorption, absorption, biodesulfurization (using bacteria), extraction, membrane separation among

others [8:9:15.16,30]

Among them, extractive desulfurization is considered to be as the most studied technique used in the recent past 2],
This technology utilizes the contact between the solvent and the sulfur compound by the liquid- liquid extraction
phenomena. Besides the traditional volatile organic solvents, the use of ionic liquids (ILs) to extract sulfur contents out
of these fuels products is the most discussed topics in the recent years due to their fascinating properties. The use of

ionic liquids for the extractive desulfurization of the fuels was first investigated by Wasser Scheid B2,

The ILs are generally termed as the “green solvents”. This name was given due to their unique ability both physically
and chemically. ILs are the heterocyclic compounds belong to the molten salt group and mostly they are composed of
asymmetric and bulky cations (organic) and anions (organic/inorganic) [, They generally have the unique property of
nonflammability which makes them non-hazardous for the industrial scale. Generally, most of their ionic liquids
exhibit negligible vapor pressure under common process conditions thus they can be easily regenerated and negligible
loss to the environment so fewer pollution hazards. Most of the ILs are thermostable and chemically stable as well.
They are generally in the liquid state over the wide temperature range [''"!41632]. They have the solvation capacity for
organics and inorganics types of compounds, also with the proper selection of cation and anion for the IL synthesis,

this unique feature can allow the scientists and engineers to tailored their solvation ability for the number of solutes
[14,16]

Undoubtedly in future, the desulfurization technology will be performed with the help of ILs 234, It may be the
industrially favorable process because of favorable conditions of low temperature and pressure and low cost as well,
Scientists and engineers have been working in the advancement and preparation of ILs to be used on a wide industrial
scale. So the potential of IL brings about a new chapter in the advancement of chemical technology in different
application areas. Therefore to support the thermodynamics study and a comprehensive simulation study has been
performed to validate the experimental results for the extractive solvent and achieve the targeted separation *2. The ILs
chosen for this study are imidazolium-based IL 1-alkyl-3-nethylimidazolium tetrafluoroborate [C,mim] [BF4]. The
Table 1 illustrates the structural model of the selected ionic liquid. They are selected because they capable of efficiently
extract the sulphur contents like dibenzothiophene (DBT) from fuel oils because during the extraction of DBT using
imidazolium based ionic ILs it forms the interaction between the aromatic and the thiophene ring of the sulfur
containing compound B7#?1 1-butyl-3-methylimidazolium tetra fluoroborate [BMIM][BF4] performs efficiently for the
extraction of DBT and it enhance the interaction. Since the cation group in the [BMIM][BF4] anion may interact with
the DBT H!42,

So the mechanism for the extraction of sulfur contents using ionic liquid are based on the liquid clathrates between the
unsaturated bonds of aromatic ring of thiophene based impurities and ionic liquid *4. The conjugated ring of sulfur or
the alkyl substitutes becomes larger which results in the increase in polarity and dispersive energy of the electron ring
resulting in a stronger interaction between the aromatic ring of sulfur and the imidazole ring in the ionic liquid 4. The
potential of the ILs has been studied extensively in the present times with the help of experimental results but to
employ it on the industrial scale. Therefore, one needs to recognize its technical feasibility with the help of simulation
platform. For this simulation study requires predictive model and thermodynamic properties of the components 2132341,
Since these incorporates well into the simulation. ILs are still not included in the data bank of the simulator (Aspen
plus®). It is due to the less availability of their physical and chemical properties prediction correlation also lack experi-
mental thermodynamic data. Therefore it is needed to develop a comprehensive database for the simulator for the pre-
diction of the physical and chemical parameters for the correlative physical and thermodynamics models within the



ASPEN Plus. So envisaged highly on relating the experimental data with the adequate thermodynamic model to extract
their thermodynamic behavior and physical properties of the ionic liquid and their mixtures. Several property models
have been used in the literature recently for the prediction of critical scalar and temperature dependent properties.
various correlative models such as UNIQUAC, NRTL, UNIFAC, Modified UNIFAC, etc. can be employed for the

equilibrium based binary interaction parameter calculationsj2s).

So the focus of this work is to utilize a predictive model for the simulation of the extractive desulfurization of fuels
using different types of ionic liquids(ILs) for the development of the industrial scale process of desulfurization of the

diesel based on the previous thermodynamics studies of the potential capability of ionic liquids(ILs).this will help to

make the technology of desulfurization beneficial both in terms of economic as well as operational aspects 34361,
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Tablel. Name of ionic liquid and structural formula

2. Predictive thermodynamic model

Predictive thermodynamic models have been playing a vital role in the separation process. These models are typically
chosen to predict the phase equilibria ['*2%, These models are quite helpful in predicting the possible results of the ILs,
but in this case successful binary interaction parameters of all the types of components should be known 2. The
COSMO-RS (conductor like screening functional-group activity coefficient) model is the most effective method for the
calculation of the thermophysical properties. It is based on the quantum chemistry and uses only atomic specific
parameter for the prediction of the thermodynamic property of the liquid system, but the COSMO-RS parameters

required by the ASPEN plus® are not widely available in the literature 192026281,

UNIFAC also known as the UNIQUAC model which is used for the calculation of the nonelectrolyte activity in the
nonideal mixture 2!, UNIFAC combines the concept of the functional group contribution and the UNIQUAC
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model for the estimation of the binary interaction parameters 2!, UNIFAC also gives us the understanding of the size
and surface area of the individual functional group present which is obtained from the data related to the molecular
structure of the components. The predicted activity coefficients can be used to generate binary interaction parameters in
any excess Gibbs energy model. In addition to this, UNIFAC parameters are available for the most of the functional
groups in the mixtures so it can be selected over the COSMO-RS model as it has better results and the model can easily
be linked with the ASPEN plus® 12!,

UNIFAC model consists of two parts, the first is known as the combinational part Inyf which is used for the
determination of the size and shape of the molecule since each molecule has a different molecule ['°]. The second part is
known as the residual part InyR which is used essentially for the determination of the energetic energy interaction

19,20,26,27

between the molecules ! 1. So the activity coefficient model in the UNIFAC model can be represented as:

Iny; = Inyf + InyR

The combinational part is calculated with the help of the surface and volume parameters using the following equations
[19,20,26,28,42].

In ylc =1- Vi +1n Vi - 5qu[1 - (VI/FI) + ln(Vl/F,)]
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The residual part of the activity coefficient model can be calculated from the following equation:

Inyf =} Vk(i) [InT; — In Flgi)

Where,

I'= residual activity coefficient

Ik = residual activity coefficient of group k in a reference solution containing only molecules of type i.

3. Ionic liquid representation in UNIFAC model

Since the predictive thermodynamic model is using UNIFAC for our simulation study so for that we need to
decompose our IL as proposed by Kim et al ['*] There are several approaches for the choice of the UNIFAC
functional group 2%?%.one of the approach is to decompose cation and anion are divided into several groups i.e. 1-
butyl-3-methylimidazolium tetrafluoroborate[BMIM] [BF4] is decomposed into 1 CH3 group, 3 CH» group and one
[MIM][BF4] group as shown in the Figure 1 2% The reason behind this is that the ionic pair has strong
electrostatic interaction so it is better to treat the ionic liquid in terms of electrically neutral groups ['*2°1. Table 2
illustrates the decomposition of the different components used in the study according to the various functional groups

among them.

Figurel. Decomposition of ionic liquid using UNIFAC functional groups

Table 2. Types of functional groups present in ionic liquids

Component [MIN][BF4] CH» CH3 ACH C4H4S
1-buty-3-methyl-

.. . 1 3 1 - -
imidazolium

Dibenzothiophene - - - 8 1
Hexane - 4 2 - -
Hexadecane - 14 2 - -




4. Surface area and volume parameter

Calculation of the surface and volume parameters requires the concept of the equilibrium geometry of the molecule in
the ideal phase from molecular energy minimization 2. Quantum chemical calculations have been used as a predictive
tool for the determination of these values. The surface area parameter and volume parameter for the UNIFAC group
can be calculated using the following equations [*2%],

Rk = (V X Na)/Vyw Qk = (A X Na)/Avw

where

V = group volume using COSMO calculation; A = group area using COSMO calculation;

Na= Avagadro’s number (6.023 x 10® mol™")  Vyw=(15.17 cm?/mol) segment volume as stated by Bondi 1°]

Avw= (2.5 x 10° cm?*/mol) segment area as stated by Bondi [*

Table 3 illustrates the values of the volume and the surface area parameters of different functional groups present
[19,20,28]

Table 3. Surface and volume parameters based on UNIFAC

Group Volume parameter (Rx) Surface area parameter (Qx)
[MIN][BF4]  6.5669 4.005
CH: 0.6744 0.540
CH; 0.9011 0.848
ACH 0.5313 0.400
CsH4S 2.8569 2.140

S. Binary interaction parameter

Interaction parameter (amn, anm) has been calculated by fitting the solubility data in ILs to calculate the residual part by
corelating the activity coefficient at infinite dilution. So the interaction parameter extracted from various literatures are
illustrated in the Table 4 "2°1, The unique advantage of UNIFAC parameters are they can be incorporated in to the

famous process design and optimization software and also parameters are calculated very fast using UNIFAC model.

Table 4. Group interaction parameter of the groups involved based on UNIFAC model

m n Amn Anm
[MIN][BF;]  CHa 588.74 1108.51
ACH [MIN][BEs] 149439  85.64
ACH C4HsS -39.16 23.93
ACH CH» -11.12 61.13
CiHLS [MIN][BE,]  673.31 42.93

6. Simulation details

It has been extensively reported in the previous results that for the removal of sulfur impurities from the liquid fuels IL
correlates well with the type of aromatics impurities found in the fuels and help achieve the targeted separation of the
ultra-low sulfur diesel '), The main focus of this simulation study is to study the effect of using IL for the removal of
sulfur impurities using ASPEN PLUS® extensively and to use the results obtained from the simulation at different
parameter conditions. A step by step guide for setting up ASPEN PLUS® for the simulation involving IL will also be
included in the detail report. Highlighting how to model IL using thermodynamic method and using its property
parameters and thermodynamics constraints for creating a user defined component in the ASPEN plus® environment.
The major reason for this rigorous component defining in the software environment is generally the need to be
considering because ILs are not included in the data base of the ASPEN plus® 2!, So user need to thoroughly define
the IL to incorporate it into the simulation.

Certain properties and physical parameters are required for the component to carry out any process simulation in the
ASPEN plus® which includes critical and scalar parameters and temperature dependent properties as well e.g. ideal gas
heat capacity, the heat of vaporization, molar volume, etc. These properties can be acquired from the National institute
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of standards and technology (NIST) database and literature as well.

The selection of the appropriate thermodynamic model is also essential to the link the properties to the modeled process.
UNIFAC is considered as the suitable predictive model to be utilized in to the simulation as the main modeled method
for solving and calculating the different simulation aspects. Simulation covers both aspects of the process i.e. the

extraction and the Ionic liquid regeneration using the rigorous counter current liquid-liquid extraction model.

There are several types of hydrocarbon compounds present in the diesel feed from Cg to Cyjand various other species as
well. But we are limited to certain compounds this is because of the availability of the interaction parameters. It has
been reported in the literature that hexadecane resembles in the various properties with diesel both physical and
chemical properties Table 6. So based on this hexadecane was chosen to model the diesel stream in the simulation 2!,

For the case of sulphur impurities there are several types of sulfur components can be found in the typical diesel stream
as shown in Table 5 but we have chosen dibenzothiophene as our main impurity out of the various impurities present
within the untreated diesel as the main impurity for the separation using IL to simplify the process.

Table 5. Composition of Sulfur Components Table 6. Hexadecane properties
in typical diesel feed
Diesel feed components S ppm Property Hexadecane
DBT 120 Molecular formula Cis
Thiophene 1099 Boiling point 287 °C
2-Butyl-benzothiophene 5781 Molecular weight 226 g/mol
Total PPM (Weight) 7000 Density 0.88 g/ml

Diesel fless than 10 ppm)
-
L

xtraction column

Rich IL (regenrated)

IL*HEXANE

Y

FLASH COLUMN

HEXANE (regenrated)
REGENRTAION COLUMN

HEXANE

RICH DBT

Figure 2. Process flow diagram of the extraction of thiophene based impurities using ionic liquid

7. Results and discussion

7.1 Effect of equilibrium stages and feed rates

During the designing of any process we need to determine the optimal process parameters to achieve the desired results.
But the process would only be feasible if it is cost effective so besides selecting optimal parameters, economic
considerations should also be kept in mind for the system design. To reduce the S-content in the diesel raffinate to be
~10 ppm, we need to investigate the effect of the ionic liquid to diesel ratio and select an optimal column stages for the

effective extraction of the S-contents.

We have selected a model diesel feed containing 500 ppm of S-content for the simulation. The results obtained shows
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that to achieve >10 ppm concentration we required to select a higher number of column stages and also the higher flow
of ionic liquid compared to diesel. So based on the results >10ppm concentration can be achieved effectively with an
optimal stages in the column to be (10) and ratio of the ionic liquid to diesel to be 3:1. Increasing number of stages
further would increase the extraction but that would require a higher capital cost. So the selected parameters will result

in the most efficient removal of S-content as evident shown in the figure below.

effect of ionic liquid on sulfur content in
diesel feed(500 ppm)

B 10 equilibrium stages
| m 8 equilibrium stages
6 equilibrium stages

B 4 equilibrium stages

SULFUR IN RAFFINATE(kgmol/mol)

B 2 equilibrium stages

z 9
IL:DIESELRATIO 10

Figure 3. Effect of ionic liquid on the sulphur content of diesel at different
theoretical stages at 40 °C and 2 bar column pressure

7.1 Operating condition of temperature and pressure

The selection of an optimal condition for the process is quite an important task specially while working on the
simulation. So keeping this point of view into consideration we need to check the effect of temperature and pressure on
the system. So we have checked the effect of temperature on the Sulfur content in the diesel raffinate. It has been
observed that as we increase the temperature it in turn increases the content of Sulfur in the raffinate diesel stream so
that would be considered as the negative impact. Since the main objective of the simulation is to reduce the sulfur
content below 10 ppm and also make the process feasible on operational basis so the optimal temperature range for the
removal of sulfur contents would be to around 40 °C.

But working on higher temperature has some positive points as well as the temperature rises it inversely decreases the
viscosity of the ionic liquid which results in an improved extraction and that would allow us to reduce the actual stages
required for the column that would benefit us economically 2'#!1. But due to the fact that the major objective is to keep
the sulfur content in the diesel below 10 ppm the ideal condition or the optimal temperature range is on lower
temperature range. So based on the discussion the optimal temperature range would be 30-50 °C which corresponds
well with the results published in literature earlier ?'#!, So selection of the optimal temperature range is highly
important for the effective removal of the sulfur content by ionic liquid. So [BMIM][BF4] selected ionic liquid has
performed best in these conditions for the removal of DBT from the model diesel fuel.
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Figure 4. Effect of temperature on the sulfur content



7.3 Regeneration column for ionic liquid

In evaluation of the process it is also important to take into consideration the operating cost and different economic
parameters into consideration for the solvents involved in the process. Since the market cost of ionic liquids are quite
high. So it is critically important to minimize the loss of ionic liquid in the main extraction column and reutilized the
sulfur rich ionic liquid so it could be recycled in the process. In this way process would become effective. It is also

important to take into consideration the amount of ionic liquid lost due to miscibility.

From the simulation results shown in Figure 5 it is observed that ionic liquid removes almost all the thiophene based
sulfur compounds from the diesel feed stream. As the process continues the extraction ability of the ionic liquid lower
due to the fact that DBT dissolves in to the ionic liquid and reduces its ability for the extraction of sulfur compounds.
So in order to recycle this ionic liquid back into the system we need to regenerate it into the regeneration column with
the help of organic solvent which essentially eliminates almost all of the sulfur based compounds from the ionic liquid
stream it also ensures the efficient extract ant performance with negligible miscibility of organic solvent into ionic
liquid P!, So it is quite critical to study the flow of hexane as a regenerator and also the equilibrium stages for the

regeneration column and its repulsive impact on the sulfur content in the sulfur rich ionic liquid feed to the regenerator.

So for the main extraction column operating at 2 bar and 40 °C the loss of ionic liquid is almost negligible to the
amount fed into the column. With stream rich in thiophene based sulfur impurities and ionic liquid mixture. So a study
was conducted using different rate of hexane to ionic liquid and also impact of organic solvent to ionic liquid at
different equilibrium stages on the sulfur content removal as shown in the figure. So based on the results it’s quite
obvious that with a flow ratio of (0.5-0.6) between hexane and ionic liquid and an optimal number of theoretical stages
of around (5-6) for the regenerator column operating at 2 bar and 40 °C should be selected that would result in a very
minimal amount of ionic liquid lost to the amount fed.

These values are based on the calculation performed using UNIFAC as the predictive method. So according to the
results there is a minimal loss due to miscibility although these higher flow rates involved these results would become
significant. So clearly it is quite an important task to use a minimal ratio of the organic solvent (hexane) against the

ionic liquid to cut down the economic cost and also the loss of ionic liquid.
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Figure 5. Hexane to ionic liquid ratio at different equilibrium stages for the regeneration of ionic liquid

7.3 Effect of cations on the extraction

Since the UNIFAC data was available, so simulating other members of the ionic liquid having same anion [BF4]" and
different hydrocarbon chain lengths of the imidazolium-based cations. The performance of the [EMIM][BF4] compared
to the [HMIM][BF4] to examine the effect of changing cations on the process efficiency. It can be seen that although
the performance of the [HMIM][BF4] was better than the [EMIM][BF4] but [EMIM][BF4] requires more flow of ionic
liquid as compare to the [HMIM][BF4]. Also, the amount of hexane required for the regeneration of [HMIM][BF4] was
lower than [EMIM][BF4]. So based on this it can be concluded that as the alkyl chain length of the cation increases the
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sulfur removal ability also increases but as we increase the length of the carbon chain it also results in increasing the
cost, viscosity and also results in the less selectivity for the thiophene based impurities %47, So based on this
[BMIM][BF4] can be used because it’s both physical and chemical properties are available. Hence for this study
[BMIM][BF4] is considered to be as the most optimum extract ant for the removal of sulfur-based impurities both
economically and process wise as well.

Effect of ionic liquid on S removal by

changing cations
O7.589 9723

m [Emim][bti]

H [Hmim][bti]

% of S removed from the model
diesel

Temperature (C)
Figure 6. Comparison between the performance of the [EMIM][BF4]
and [HMIM][BF4] at a condition of 30 and 40 °C at 2bar

8. Conclusion

The results indicate that by using UNIFAC as the thermodynamic method for the simulation of desulfurization of
model diesel fuel we can get the best results with the help of the suitable thermodynamic parameters on ASPEN Plus®.
The use of ionic liquid belong to family of imidazolium shows its greater ability for the removal of the sulfur contents
from the diesel at the optimal process conditions of 40 °C and 1 bar with a mass ratio of 3:1 between the ionic liquid
and the fuel. The results validate the experimental results previously published and also have provided us the insight on
the capability of imidazolium based ionic liquid as the suitable candidate for the extractive desulfurization of the fuels.
Currently the ionic liquid prices are high but with further research on the regeneration process of the ionic liquid we
can see the extractive desulfurization of the fuel oils as the most feasible both on the operational and environmental
aspects.
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