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ABSTRACT: Removal of nitrogen and sulfur compounds from
diesel fuel is essential to comply with the increasing stringent
regulations. The extraction capability of two deep eutectic solvents,
namely, tetrabutylphosphoniumbromide/ethylene glycol, TBPBr/
EG, with molar ratio 1:2, and tetrabutylammoniumbromide/
ethylene glycol, TBABr/EG, with molar ratio 1:2, in simulta-
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neously extracting basic nitrogen, nonbasic nitrogen, and sulfur PrepmofModelml GCEWS
compounds represented by pyridine, indoline, and dibenzothio-

phene (DBT) from n-hexadecane, was investigated. Two pseudo-

ternary phase diagrams of (TBPBr/EG + (pyridine + indoline + [——

DBT) + n-hexadecane) and (TBABr/EG + (pyridine + indoline + ooy e i

DBT) + n-hexadecane) were predicted via a conductor-like
screening model for real solvents (COSMO-RS) and experimentally validated at 298.15 K and 1 atm. Both solvents showed
zero cross-contamination, indicating the suitability of all solvents as extraction solvents. The tie lines obtained for both COSMO-RS
and experiments were in agreement and had root-mean-square deviation (RMSD) values of less than 5% for both systems. Selectivity
and distribution ratio calculated indicates the suitability of both solvents in extracting sulfur and nitrogen compounds from
hexadecane. Two new parameters, namely, extraction efficiency, @, and extraction affinity, 3, were introduced to ease the
performance comparison of both solvents. TBPBr/EG shows a slightly better performance than TBABr/EG. Other than that, the
presence of multiple solutes shows low effects on the performance of these solvents.

1. INTRODUCTION

Sulfur and nitrogen compounds are naturally found in crude oil

Currently, the conventional process to remove sulfur and
nitrogen compounds from diesel is hydrotreatment, specifi-
cally, hydrodesulfurization (HDS) and hydrodenitrogenation
(HDN) processes. These conventional hydrotreating processes
occur at high pressure and temperature.””~"" Apart from that,
the need for high volumes of hydrogen gas and a large amount
of catalyst contribute to the high operating cost of the
hydrotreatment process.” The need to further remove sulfur
and nitrogen compounds to ultralow levels requires more
severe operating conditions and is putting a strain on the

where they are more abundant in the heavier oil." The refining
industry pays a lot of attention to separating these compounds
from crude oil due to their adverse effects on the quality of the
refined products and the negative impact on the environment,
economy, and ecosystem.” The presence of nitrogen
compounds in crude oil reduces the efficiency of the

hydrodesulfurization (HDS) process via competitive adsorp-

tion of the catalyst. In addition, it also reduces the stability of
the fuels, making it a challenge for safe storage and
transportation.” The incomplete removal of sulfur and nitrogen
compounds causes emission of SO, and NO, gases from the
fuel combustion and affects the air quality and human health.”
In recent years, stringent regulations on the permissible levels
of sulfur and nitrogen compounds in transportation fuels have
been enforced. The United States has limited the permissible
nitrogen content in diesel to less than 1 ppm in 2010, whereas
the limit for sulfur content has been decreased to an ultralow
level (i.e., less than 15 ppm) in many countries including the
United States, Japan, the European Union since 2006, and in
China since 2016."~
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refining industry.'”

Several alternative separation processes have been reported
in the literature to replace the hydrotreatment process, such as
adsorptive desulfurization, oxidative desulfurization, and bio-
logical desulfurization.'”'"'*~"* Solvent extraction technique
is an attractive process as it has benign operating conditions

Received: June 9, 2021
Accepted: August 9, 2021
Published: August 20, 2021

https://doi.org/10.1021/acsomega.1c03034
ACS Omega 2021, 6, 22317-22332


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hurun+E.+Suhaimi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hanee+F.+Hizaddin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Irfan+Wazeer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lahssen+El+Blidi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohd+A.+Hashim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohamed+K.+Hadj-Kali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohamed+K.+Hadj-Kali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c03034&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03034?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03034?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03034?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03034?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03034?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/34?ref=pdf
https://pubs.acs.org/toc/acsodf/6/34?ref=pdf
https://pubs.acs.org/toc/acsodf/6/34?ref=pdf
https://pubs.acs.org/toc/acsodf/6/34?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c03034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1. Previous Studies on Simultaneous Extraction of Sulfur and Nitrogen Compounds from Fuel

solvent/catalyst
TBPBr/sulfolane (1:4)

MTPPBr/AceA (1:4)
ChCI/EG (1:2)
ChCI/EG (1:3)
ChCI/EG (1:3.5)

catalyst: tungsten/zirconia + H,0,

catalyst: vanadium-substituted Dawson-type polyoxometalate anchored on
silica gel + H,0, + acetonitrile

26% of n-heptane, 26% of i-octane
10% of toluene

hydrocarbon sulfur and nitrogen compounds  reference
n-heptane/simulated gasoline/ thiophene, DBT, pyridine, S
simulated diesel carbazole
n-decane thiophene, quinoline, pyyrole 23
26% of n-hexane 6% of thiophene 24

6% of pyridine

hydrotreated diesel, hydrotreated DBT, BT, thiophene, 4-MDBT, 14
straight run gas oil 4,6-DMDBT
simulated diesel, real diesel DBT, BT, 4,6-DMDBT, 25
quinoline

because it can be operated at moderate temperature and
pressure.'"'*'> However, one of the major challenges in using
this technique is to select the ideal solvents that would have
high selectivity and capacity toward both sulfur and nitrogen
compounds.7 Conventional organic solvents used in most
extractive separation processes generally have high vapor
pressure and cause cross-contamination between the extract
and raffinate phases, thus making it a challenge for solvent
regeneration and product recovery. Ionic liquids (ILs) and
deep eutectic solvents (DESs) have emerged as alternative
solvents to replace conventional organic solvents. This is
largely due to their high thermal stability and negligible vapor
pressure.”” These solvents are also known as “designer
solvents” since they can be tailored to suit the desired
applications by manipulating the cation and anion combination
for the salt of the ILs or to manipulate the molar ratio of the
salt and hydrogen-bond donor (HBD) for DESs. However,
although ILs and DESs in general share similar physical
properties, DESs have the advantage in its simplicity of the
synthesis process compared to ILs.'® The preparation of DES
may take a simple physical mixing of a quaternary salt and
HBD at a certain molar ratio until a clear, homogenous liquid
is formed. This liquid is a eutectic mixture formed through a
hydrogen bonding between salt and HBD, where its freezing
point is much lower than its individual freezing point."” The
steps to synthesize ILs, on the other hand, involve more
complex processes.'

Nonetheless, ILs and DESs have been explored in many
fields of applications such as separation of aromatic hydro-
carbons from naphtha, electrochemistry, and nanomaterial.'”*°
In fact, Gao et al. used ILs in an oxidative desulfurization
process to extract sulfur compounds from fluidized catalytic
cracking (FCC) fuel oil where ILs were used as both
extractants and catalysts.”' They managed to reduce the sulfur
content in the diesel to meet the specification of ultralow sulfur
diesel from 150 to 8.1 ppm. In a different study, Laredo et al.
tested the ability of their synthesized IL to extract various
nitrogen compounds from gas feed oil.>> It was found that
neutral nitrogen compounds, ie., carbazole-derived com-
pounds, were more easily extracted compared to basic nitrogen
compounds, i.e., pyridinic compounds. The study also reported
that the presence of sulfur compounds in the fuel oil did not
affect the extracting ability of the IL toward nitrogen
compounds. Table S1, provided in the Supporting Information,
contains the list of work done on the extraction of single
extraction of sulfur or nitrogen compound from fuel oil
Nevertheless, there is a lack of study on the application of
DESs in extracting sulfur and nitrogen compounds simulta-
neously. To date, only a few publications have reported on the

simultaneous extraction of nitrogen and sulfur using ILs and
DESs, as presented in Table 1.

Due to the huge number of possibly existing DES from
various permutations of cation, anion, HBD choice, and the
salt/HBD molar ratio, it is challenging to select the most
appropriate combinations to synthesize effective DESs for our
application of interest, which is simultaneous denitrogenation
and desulfurization of liquid fuels. Additionally, there is limited
data on the physical properties of the DESs and the
thermodynamic behavior of liquid mixtures containing DESs
available in the literature unlike the conventional organic
solvents. The use of the group contribution method (GCM)
such as UNIFAC has been widely reported to approximate the
activity coefficient and thermophysical properties of solvents.*®
However, due to the complexity of the calculation and lack of
experimental data on DES, this method proves to be
challenging. Therefore, a method that does not rely on
experimental data to predict the thermodynamic behaviors of
liquid mixtures is more favorable. This can be achieved using
the conductor-like screening model for real solvents
(COSMO-RS). Using COSMO-RS, the infinite dilution
activity coefficient (y*) of solutes in solvents can be estimated.
This enables the quantification of DES performance in
extracting trace amounts of solute from liquid mixtures.'®

COSMO-RS uses the continuum solvation model where a
virtual conductor is created to surround the molecule. A
quantum calculation is then performed, producing a screening
charge density known as ¢, which is converted to a function of
surface composition known as the o-profile.”” This file, known
as the. cosmo file, is used for computing the molecular energy
by considering interactions such as van der Waals (vdW),
electrostatic, and hydrogen bonding.”® The computed o-profile
and o-potential (u(c)) aid in describing the molecular
interaction between mixtures in terms of polarity and affinity."'®

The most popular application of COSMO-RS for liquid
mixture separation is the prediction of phase equilibria. Naik et
al. used COSMO-RS in predicting the behavior of methyl-
triphenylphosphonium bromide—ethylene glycol with a 1:4
molar ratio.”® Warrag et al. used COSMO-RS to predict the
interaction of tetraethylammonium chloride—ethylene glycol
(1:2), tetraethylammonium chloride—glycerol (1:2), methyl-
triphenylammonium bromide—ethylene glycol (1:3), and
metyltriphenylphosphonium bromide—glycerol (1:3) with
thiophene.”” Gouveia et al. predict the ternary line of three
DESs, namely, cholinium chloride—levulinic acid, benzylcho-
linium chloride—levulinic acid, and tetrabutylammonium
chloride—levulinic acid at a molar ratio of 1:2, where all of
them show close agreement to the experimental values.*’
Hizaddin et al. calculated a 2.51% root-mean-square deviation
(RMSD) value between the experimental tie line and the
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predicted tie line by COSMO-RS for tetrabutylphosphonium
bromide—ethylene glycol (1:2) and tetrabutylammoniumbro-
mide—ethylene glycol (1:2).”'

Apart from that, COSMO-RS is also used to predict
thermodynamic properties and solubility data. Indeed,
Hernandez-Bravo et al. determined the solubility of asphaltene
in IL, whereas Warrag et al. managed to confirm the solubility
of thiophene in tetraethylammonium chloride—ethylene glycol
(1:2), tetraethylammonium chloride—glycerol (1:2), methyl-
triphenylammonium bromide—ethylene glycol (1:3), and
metyltriphenylphosphonium bromide—glycerol (1:3) DESs
using COSMO-RS.””*

Estimation of the activity coefficient was also done in an
effort to predict the best extracting solvent. Further calculation
of selectivity and the distribution coefficient helps in narrowing
down the choice of the solvent based on the preliminary
screening results. This was explored by Hizaddin et al., where
94 DESs were screened for their performance evaluation in
extractive denitrogenation using the predicted y.'° Further
calculation of selectivity, capacity, and performance index was
performed to choose the solvent with the highest performance.
Gouveia et al. also successfully predicted the selectivity and
distribution ratio of cholinium chloride—levulinic acid,
benzylcholinium chloride—levulinic acid, and tetrabutylammo-
nium chloride—levulinic acid with the molar ratio of 1:2.*°
Additionally, the use of COSMO-RS has been extended to be
of use in the conceptual design of extraction equipment. The
COSMO-RS-based model was used in ASPEN HYSYS and
ASPEN Plus in the separation of aromatic and aliphatic using
IL, separation of aromatic and aliphatic from naphtha using IL,
extraction of aromatic compound from pyrolysis gasoline using
IL, and production of ultralow sulfur diesel.”***>~*°

In this work, COSMO-RS was used to screen DESs for the
simultaneous extraction of nitrogen and sulfur compounds
from diesel fuel and in elucidating the interaction between the
solvents and solutes. Table S2 in the Supporting Information
reports the list of screened DESs used in the COSMO-RS
preliminary study. Selected DESs were then used for
experimental validation to compare their performance in the
simultaneous extraction of sulfur and nitrogen compounds.
The selected DESs used in this work are tetrabutylphospho-
nium bromide—ethylene glycol, TBPBr/EG (1:2), and
tetrabutylammoniumbromide—ethylene glycol, TBABr/EG
(1:2). In this study, we focused our interest on two main
points: (i) the capability of these solvents to simultaneously
extract nitrogen and sulfur compounds and (ii) the effects of
the presence of sulfur compounds on solvent capability in
extracting nitrogen compounds.

2. RESULTS AND DISCUSSION

2.1. COSMO-RS Screening. Screening of 44 DESs was
done, and the lists of selectivity (S*°) and capacity (C*) at
infinite dilution (individual and average) were calculated using
eqs 1 and 2. §* and C* quantitatively describe the affinity of
DES toward the solute and estimation on the amount of DESs
needed during the extraction, respectively. Values higher than
unity for both parameters indicate good S* and C*® of the
solvent.

o ¥
§* ==
Tu

(1)

C® = L
pa (2)

where S% is selectivity at infinite dilution, C* is capacity at
infinite dilution, y§y is the activity coeflicient of the solute at
infinite dilution, and yf} is the activity coeflicient of hexadecane
at infinite dilution.

Due to the huge difference in the value of individual $* and
C®, graphs of In §* and In C* against DESs were plotted. As
can be seen in Table 2 and Figure 1, choline-based DES
possessed the highest selectivity with pyridine > indoline >
dibenzothiophene (DBT). From Figure 1, we can also see that
tetramethyl-based, tetrabutyl-based, and triphenyl-based DESs
have similar trend values. This high S* value of choline-based
DES toward pyridine shows a highly selective property of this
DES type toward pyridine. This behavior might be caused by
the structures of both choline and pyridine themselves. The
choline ion has one oxygen atom on top of the nitrogen atom,
whereas the other cation only has either a nitrogen or a
phosphorus atom. This gives choline extra electronegativity,
where it contributes to hydrogen-binding formation. The list of
cations used can be found in Table S3.

Other than that, the simple structure of pyridine compared
to indoline and dibenzothiophene might also contribute to this
factor. Due to this huge difference in the individual S, an
average of S was calculated to ease the comparison of §* of
each DES. This is illustrated in Figure 2, where a clearer
comparison of S* can be made between the DESs. Choline-
based DESs take precedent over other types of DESs, with
ChCl/MA (1:2) and CIChCl/U (1:2) having the highest S*.
Then, it is followed by triphenyl-based, tetrabutyl-based, and
tetramethyl-based DESs. The extraordinarily high values of
selectivity and capacity at infinite dilution reported by ChCl/
MA DESs at 1:1 and 1:2 molar ratio are consistent with our
previous publication on DES screening for denitrogenation of
the model diesel fuel, where it has been explained that the
performance of the DES may have been attributed to the
presence of two —COOH groups in its dicarboxylic acid
functional group, which helps enhance the hydrogen-bonding
interaction with aromatic compounds and facilitates the
extraction of sulfur and nitrogen compounds.'® The same
reference has also discussed why DES with a chlorocholine
cation (CIChCl/U (1:2)), i.e,, a chlorocholine-based DES, is
expected to show a high value of S due to the presence of the
Cl atom that is attached to the choline cation, and this
increases the polarity of the DES and makes it more selective
toward the aromatic nitrogen and sulfur compounds compared
to the diesel compounds.

Figures 3 and 4 illustrate the C* trend value for all 44 DESs.
This C* value defines qualitatively the amount of DES needed
during the extraction process. This is important as it is directly
related to the operating cost involved in the extraction process.
As can be seen in Figure 3, a more distributed value of C can
be seen for all three solutes. All DESs have a higher C* value
for pyridine compared to the other two solutes. Choline-based
DESs have a lower value of C* compared to the other three
types of DESs, except for ChCl/MA (1:2). This shows that the
values of and C*® and S* are reciprocal to each other. Due to
this, another parameter will be used for evaluating these DESs,
which is the performance index, PI. PI, as shown in eq 3, is the
product of $* and C%, and it calculates the overall
performance of solvents. This parameter is useful if the values
of §* and C* are similar.
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o 2 22 Figures 5 and 6 show the PI of all DESs with the trend
R values following the S trend value. The large S* directly
k= influences these results, making the PI unsuitable to be used as
a benchmarking parameter in selecting DESs for experimental
validation. Therefore, the choice of DESs was made based on
0w 29 the average C™ trend value. This is a fair argument because
;45 5 E unlike in the food or pharmaceutical industry where a highly
SRR pure product is the main concern, a good balance of S* and
C® values is more important for this work as it will translate to
a lower cost. A highly selective DES, i.e., choline-based DES,
o will require a higher volume, thus leading to a larger cost.
g ©“ T Other than that, given the multicomponent nature of our
£ 5 extraction process, it is highly important to ensure that the
g é 88 DES chosen will be able to extract all solutes rather than
° R having selectivity toward one specific solute only.
2 g § Ideally, one would choose to use the DES that reports the
= 55 highest values of selectivity and capacity at infinite dilution to
H be used in experimental validation. However, other factors also
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contribute to the decision of DESs selected in this work’s
experimental validation. Apart from a good balance of §* and
C® values, the DESs chosen (TBPBr/EG (1:2) and TBABr/
EG (1:2)) have been used previously in our earlier work to
remove heterocyclic nitrogen compounds from the model
diesel compound.”® Thus, in this work, the same DESs were
used to remove multiple solutes comprising both nitrogen and
sulfur compounds simultaneously, with the same experimental
protocol. Both DESs also show reasonable performance in the
COSMO-RS screening in this work and are readily available.

2.2. Elucidating the Molecular Interaction by
COSMO-RS. COSMO-RS can be used for quantitative and
qualitative prediction for solvent screening. Quantitative
prediction can be performed by predicting the activity
coefficient at infinite dilution and estimating the capacity,
selectivity, and performance index similar to what was
described in Section 2.1. Qualitative screening and elucidation
of molecular interaction can also be done by COSMO-RS
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Figure 6. Average performance index, PL

through analyzing the generated ¢ profiles and potential of the
solute, carrier, and solvent.

Figure 7 presents the o-profiles of TBPBr/EG, TBABr/EG,
n-hexadecane, pyridine, indoline, and DBT. o-Profiles describe
the nature of these compounds on their ability to interact with
each other. There are two different regions involved in
describing the molecular interaction between compounds,
which are the hydrogen-bonding and the nonpolar regions.
Compounds that possess symmetrical peaks in the nonpolar
region have the ability to interact with themselves, thus making
it harder to extract or separate them. The vertical lines shown
in Figures 7 and 8 are the threshold values of the hydrogen-
bond interaction. Any compound that possesses the value of ¢
> 40y, Or 0 < —0y, acts as HBA and HBD, whereas peaks
between these values interact via E s or Eyg,.© The o
potential describes the affinity of compounds toward each
other. A more negative value of y(6) is desired as it indicates a
higher interaction between components in the mixture. The
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value of ¢ < —oy, shows affinity toward HBD, whereas the
value of ¢ > +0y;, shows affinity toward HBA.

Figure 7 depicts peaks for TBPBr/EG and TBABr/EG on
both sides (¢ > +06y;, and 6 < —ay;,), which indicates that they
are able to act either as HBD or as HBA. However, peaks on ¢
> +0y, are significantly higher, making it a better HBA. This is
in agreement with their respective ¢ potential as in Figure 8,
where the value of y(o) is more negative on the ¢ < —ay, side
compared to the ¢ > +oy, side, indicating a higher affinity
toward HBD.

Indoline is a weak HBD, whereas pyridine is a weak HBA.
Indoline possesses a low peak at 6 < —oy, whereas pyridine
possesses a small peak at ¢ > +oy, (Figure 8). This can be
subsequently proved by looking at the o-potential of these two
solutes. Pyridine shows a very high affinity toward HBD,
whereas indoline has an affinity toward HBA (Figure 8). DBT,
on the other hand, possesses peaks in the nonpolar region only
(Figure 7). This means that DBT has no ability to form a
hydrogen bonding with any of the solvents, thus only

22323

interacting with the solvent via a nonpolar interaction, i.e.,
van der Waals interaction. The value of p(c) for DBT in
Figure 8 is also parabolic in nature, where it shows a repulsive
behavior toward other components. To combat this issue,
solvent with peaks ¢ < 0 is favored to allow interaction
between the solvent and the DBT peak.

2.3. Experimental Liquid—Liquid Equilibrium (LLE)
Data of Quinary Systems. The results of the experimental
tie lines for all quinary systems obtained at atmospheric
pressure and room temperature are listed in Table 3. These
experiments were triplicated, and the standard deviation was
calculated. The triplicate results and calculated standard
deviation can be found in Tables S4—S7 in the Supporting
Information. Pseudo-ternary diagrams for both quinary
systems were also plotted and are represented in Figures 9
and 10. This follows the work of Santiago and Aznar, where
three quinary systems were presented by pseudo-ternary
graphs.”” The quinary systems investigated were TBPBr/EG
(1) + pyridine (2) + indoline (3) + DBT (4) + n-hexadecane
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Table 3. LLE Tie Line for Quinary Systems at T = 298.15 K and P = 1 atm”

DES-rich phase

hexadecane-rich phase

X % x5 EA x x5

o] o x5 x4 o x¢

TBPBr/EG (1:2) (1) + Pyridine (2) + Indoline (3) + DBT (4) + Hexadecane (5)

0.886 0.040 0.044 0.018 0.101 0.012 0.000 0.005 0.001 0.007 0.012 0.988
0.846 0.063 0.060 0.026 0.149 0.006 0.000 0.009 0.001 0.015 0.024 0.976
0.792 0.088 0.080 0.035 0.203 0.005 0.000 0.015 0.001 0.025 0.040 0.960
0.735 0.118 0.096 0.046 0.259 0.006 0.000 0.019 0.001 0.031 0.050 0.950
0.686 0.138 0.115 0.053 0.307 0.007 0.000 0.028 0.001 0.058 0.088 0912
0.596 0.180 0.146 0.070 0.396 0.009 0.000 0.043 0.002 0.065 0.109 0.891
TBABr/EG (1:2) (1) + Pyridine (2) + Indoline (3) + DBT (4) + Hexadecane (5)
0.881 0.028 0.030 0.015 0.073 0.046 0.000 0.004 0.001 0.008 0.013 0.987
0.847 0.045 0.048 0.021 0.115 0.037 0.000 0.007 0.001 0.013 0.021 0.979
0.822 0.057 0.059 0.028 0.143 0.035 0.000 0.010 0.001 0.020 0.031 0.969
0.770 0.083 0.083 0.039 0.205 0.025 0.000 0.017 0.001 0.035 0.053 0.947
0.740 0.098 0.095 0.045 0.237 0.022 0.000 0.017 0.001 0.041 0.059 0.941
0.691 0.118 0.113 0.054 0.285 0.025 0.000 0.039 0.001 0.049 0.089 0911

“xg = X) + Xy F xhy Xy = X5+ xf + oy

[pyridine + indoline + DBT)]

0.0

1.0

> 0.0

n-Hexadecane 00 01 02 03 04 05

06 0.7 08 0.9 1.0 TBPBrEG (1:2)

Figure 9. Pseudo-ternary diagram for the quinary system TBPBr/EG (1) + pyridine (2) + indoline (3) + DBT (4) + n-hexadecane (S) at T =
298.15 K and P = 1 atm. Full circles solid lines, COSMO-RS tie lines; empty circles dashed-lines, experimental tie lines.

(5) and TBABr/EG (1) + pyridine (2) + indoline (3) + DBT
(4) + n-hexadecane (S). Othmer—Tobias and Hand empirical
correlations were used to assess the consistency of the
experimental results. Linearity, R? close to 1 indicates the
consistency of the experimental data, as shown in Table 4.

Results in Table 3 and Figures 9 and 10 show zero cross-
contamination. This can prevent loss of the solvent during the
extraction process. Apart from that, the amount of hexadecane
found in the extract phase can be considered insignificant since
the highest mole fraction found was 0.5, which is in TBABr/
EG. This low affinity of hexadecane toward the solvents will
increase the number of uses before any need for purification
arises.

Figures 9 and 10 show that all systems possessed positive
slopes for all of the tie lines. This demonstrates the high affinity
of solutes toward the solvent than n-hexadecane. Other than
that, based on Table 3, it is observed that among all three
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solutes (pyridine, indoline, and DBT), the concentration of
DBT is the highest in the raffinate phase followed by pyridine
and indoline. This high concentration of DBT in the raffinate
phase implies a higher amount of solvent required to extract
DB;[' from hexadecane as the mixture increases from S to 30 wt
%."

From COSMO-RS screening, the orders of S* and C* are
the highest for pyridine, followed by indoline and finally
dibenzothiophene. However, from the experimental results, it
was observed that the distribution ratio (reflective of capacity)
and the selectivity of individual solute (refer to Tables S8 and
S9 in the Supporting Information), the values are the highest
for indoline, followed by pyridine and dibenzothiophene. This
is also consistent with our previous work using the same DESs
with individual nitrogen compounds, where both DESs show
higher values of $* and C™ for pyridine than for indoline from
COSMO-RS screening, but in the experimental LLE, the
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Figure 10. Pseudo-ternary diagram for the quinary system TBABr/EG (1) + pyridine (2) + indoline (3) + DBT (4) + n-Hexadecane (S) at T =
298.15 K and P = 1 atm. Full circles solid lines: COSMO-RS tie lines; empty circles dashed-lines: experimental tie lines.

Table 4. Othmer—Tobias and Hand Parameters

Othmer—Tobias Hand
system a b R? c d R?

TBPBr/EG (1:2) + (pyridine + indoline + DBT) + hexadecane 1.391 —1.426 0.974 1.330 —1.445 0.981

TBABr/EG (1:2) + (pyridine + indoline + DBT) + hexadecane 1.666 —0.960 0.993 1.246 -1.275 0.993
distribution ratio and selectivity are higher for indoline than for m ¢ 2 ( i j)2

s1. 16,31 . o) — Xik XCike
pyridine. Although the COSMO-RS screening results and RMSD (%) = 1 2—
the experimental LLE results differ in the trend of which the k=1 i=1 j=1 me (4)

nitrogen compound has a better selectivity and capacity (or
distribution ratio) with DESs, it does not discount the ability
of COSMO-RS to be used as a preliminary screening tool to
select the most appropriate combinations of salt and HBD to
be used as the extracting solvent for denitrogenation and
desulfurization. The DESs also demonstrate that DBT as a
sulfur compound has the lowest values of selectivity and
capacity (or distribution ratio) compared to the nitrogen
compounds both through COSMO-RS prediction and through
experimental LLE.

An explanation as to why DBT has the lowest affinity and
thus the lowest selectivity and capacity toward the DESs can be
obtained from looking at its chemical structure and comparing
it to that of pyridine and indoline. According to Table 8, it is
apparent that DBT has a more complex structure than that of
pyridine and indoline. This elaborated structure limits the
interaction between DBT and the solvent due to the steric
hindrance possessed by this compound, thus making it the
most difficult solute to extract. Pyridine is a weaker hydrogen-
bond acceptor compared to indoline, resulting in a weaker
hydrogen bonding between pyridine and the DESs compared
to indoline.

The predicted COSMO-RS tie line was plotted together
with the experimental tie line and the root-mean-square
deviation was used to evaluate the difference in fitting between
these two tie lines using the following equation

where «x is the mole fraction and subscripts i, j, k, and m are the
component, phase, tie line, and number of tie lines,
respectively. TBABr/EG has a lower deviation (2.29%)
compared to TBPBr/EG (4.25%) between the COSMO-RS
prediction and the experimental one showing good agreement
between these two data. This can be clearly seen in Figure 10
where the tie lines of both predicted and experimental ones
show a similar trend. The underestimation of COSMO-RS
prediction for TBPBr/EG can be seen in Figure 9. However,
an RMSD value below 5% is acceptable given the working
principle of COSMO-RS, where the calculation of the energy
interaction is solely based on its geometry structure.

2.4. Distribution Coefficient, Selectivity, Extraction
Capacity, and Extraction Affinity. The distribution
coeficient, D, and selectivity, S, are excellent parameters for
determining the suitability of a solvent as an extractant. D
demonstrates the distribution of a solute between the extract
and raffinate phases, while S demonstrates the affinity of a
solvent toward a solute. A magnitude of D and S higher than
unity is desired as it indicates a good performance of the
solvent. This helps the industry in cost reduction due to
lowering of the solvent-to-feed ratio as well as the amount of
solvent resulting in a smaller extraction column diameter and a
reduced number of extraction stages.”®

To make values of D and S more significant, parameters such
as the extraction capacity, @, and the extraction affinity, 5, were
introduced. These two parameters are essentially D and S in
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Table S. Overall Distribution Coefficient (D), Selectivity (S), Extraction Efficiency (), and Extraction Affinity (f) of Solutes

TBPBr/EG (1:2)

TBABr/EG (1:2)

D S a (%) p (%)
8.19 661.3 89.12 99.85
6.18 1093.8 86.08 99.91
5.04 881.4 83.44 99.89
S.15 794.5 83.75 99.87
3.50 43222 77.77 99.77
3.63 376.16 78.41 99.73

terms of percentage, and they help in comparing the
performance of the three solvents.

(s
Xy ©)

. [ (s/32) ]
(/x5 (6)
a=|— 4 ”] X 100
X, + x, (7)
()
f=|Tx oy | X 100
(%:) * (x_) (8)

where n is 2 (pyridine), 3 (indoline), and 4 (DBT).

As shown in eq S, D is the ratio of the mole fraction of
solutes in the extract to the mole fraction of solutes in raffinate,
whereas S, as shown in eq 6, is the ratio of D of solutes to D of
the carrier solvent, which in this case is n-hexadecane. D and S
for each system were determined by calculating the average
individual D and S contributed by each solute. Equation 7
calculates the extraction capacity, whereas eq 8 is the extraction
affinity. Both eqs 7 and 8 were expressed in terms of
percentage. Here, x represents the mole fraction, whereas
subscript n represents the individual solutes present in n-
hexadecane (pyridine, indoline, and DBT). ' and ” represent
the extract and raffinate phases, respectively. Values for D, §, a,
and f are presented in Table S, whereas the individual values
can be found in Table S8 and S9 in the Supporting
Information.

As can be seen in Table 5, S and D for all systems possess
magnitude greater than 1. This shows a high affinity of solutes
toward these solvents and a small amount of solvent required
during the extraction process. The a values for all solvents
recorded at least 77% solute extraction, and this is consistent
with the work done by Hizaddin et al.*"*® This means that the
presence of multiple solutes has a low effect on the extraction
capability of these solvents. This is an improvement from a
typical HDS process, where the presence of nitrogen usually
affects the sulfur removal via deactivation of the catalyst.”
Graphs of the distribution ratio and selectivity of multisolute in
the raffinate phase were plotted (Figures 11 and 12). In this
work, we have investigated the extraction performance of both
ammonium- and phosphonium-based DESs. Various studies
concerning the applications of different ammonium- and
phosphonium-based DESs are summarized by our group.”
The distribution ratio of TBPBr/EG and TBABr/EG shows a
similar trend with a decreasing distribution ratio with the

D s a (%) 5 (%)
5.75 123.74 85.18 99.20
5.39 141.19 84.36 99.30
4.55 125.36 81.98 99.21
3.86 143.71 79.42 99.31
4.03 169.51 80.13 9941
3.19 116.36 76.12 99.15
9~ X .
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Figure 11. Distribution ratio of multisolute in the raffinate phase.
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Figure 12. Selectivity of multisolute in the raffinate phase.

increase of solute concentration with TBPBr/EG possessing a
higher value. However, the difference of the value was
insignificant except at 5 wt %.

Figure 12 shows the selectivity of the multisolute
component in the raffinate phase. The trend for selectivity of
TBPBr/EG is similar to the trend of the distribution ratio,
where the selectivity decreases with an increase of the solute
concentration. This is in line with the behavior of the
distribution ratio, and it can be said that TBPBr/EG is a good
extracting solvent at a low concentration of the solute. On the
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Table 6. Extraction Efficiency (a) for Various Choline-Based DESs at Molar Ratio 1:2¢

ILs/DESs hydrocarbon extraction type solute a (%) references
TBPBr/EG n-hexadecane simultaneous-solute extraction pyridine 88.9¢ this work
indoline 97.8“ this work
DBT 72.0¢ this work
TBABr/EG n-hexadecane simultaneous-solute extraction pyridine 87.5% this work
pndoline 96.8“ this work
DBT 52.4 this work
ChCI/EG simulated gasoline simultaneous-solute extraction pyridine 60.0 24
thiophene 35.0 24
ChCl/U n-heptane extractive denitrogenation pyridine 6.50 41
carbazole 40.1 41
ChCl/G n-heptane extractive denitrogenation pyridine S14 41
carbazole 78.9 41
ChCl/PAA n-heptane extractive denitrogenation pyridine 99.2 41
carbazole 98.2 41
ChCl/PPA n-heptane extractive denitrogenation pyridine 96.3 41
carbazole 97.9 41

“Pyridine and indoline at 5 wt % and DBT at 30 wt %.

Table 7. Comparison of Selectivity (S), Distribution Coefficient (D), Extraction Capacity (), and Extraction Affinity () of

Solutes”
D (COSMO- S (COSMO-
DESs hydrocarbon extraction type solute D S RS) RS) a (%) P (%) references
TBABr/EG  n-hexadecane  single-solute extraction pyridine 422 829 80.8  99.88 31
indoline 7.57 2,506 88.3 99.90 31
simultaneous-solute pyridine 7.00  150.2 3.01 622.3 87.5  99.34  this work
extraction indoline  30.00 6437 1.83 378.3 968  99.84  this work
DBT 1.10 40.2 0.29 59.6 52.4 97.57  this work
TBPBr/EG  n-hexadecane  single-solute extraction pyridine 374 244 789  99.59 31
indoline 7.00 772 875 99.87 31
simultaneous-solute pyridine 8.00  658.7 3.15 508.0 889  99.85  this work
extraction indoline 4400  3622.7 197 318.0 97.8  99.97  this work
DBT 1.08 106.6 0.32 51.9 S1.9 99.07  this work
“Pyridine and indoline at 5 wt % and DBT at 30 wt %.
other hand, the selectivity of TBABr/EG is similar at all solute EG. Although ChCI/PAA and ChCI/PPA have higher «
concentrations. This steady behavior shows the low effect the values, the absence of the sulfur compound might contribute to
multisolute has on TBABr/EG. It is also observed that the these results. As shown in Figure 3, choline-based DESs
curve length of TBPBr/EG in both Figures 11 and 12 is generally have a lower capacity compared to DESs based on
slightly longer than that of TBABr/EG. This length reflects the other compounds. This implies that the presence of the sulfur
efficiency of the extraction process, where a shorter curve compound might reduce the performance of these DESs in
indicates a higher efficiency.” This behavior of TBPBr/EG was simultaneously extracting both sulfur and nitrogen compounds.
contributed by the higher amount of solutes in the raffinate 2.5. Effect of Multiple-Solute Extraction on the
phase for TBPBr/EG despite having larger o values compared Performance of the Solvents. The effect of the sulfur
to TBABr/EG. compound and multiple solutes on the extraction performance
Table 6 shows the comparison of the extraction efficiency, a, of the solvent was investigated by comparing the results
between various choline-based DESs from previous studies obtained from this work with the previous work done by our
with the DESs used in this work. Among all of the DESs listed, group on the single extraction of the nitrogen compound.’
only ChCI/EG was used in simultaneously extracting nitrogen From Table 7, it can be seen that both single-solute extraction
and sulfur compounds. As observed in Table 6, a for this and simultaneous-solute extraction yield the same extraction
ChCI/EG recorded 60 and 35% extraction of pyridine and pattern where DBT has the lowest extraction capacity,
thiophene. On the other hand, the DESs used in this work followed by pyridine and then indoline. This is in line with
recorded a values for pyridine and DBT of more than 87.5 and an earlier explanation where DBT has the highest steric
52.4%. This implies that tetrabutyl-based salt works better in hindrance resulting in a poor interaction with the solvent,
simultaneously extracting nitrogen and sulfur compounds. whereas pyridine is a weaker hydrogen-bond acceptor
For the extraction of pyridine, ChCl/U and ChCl/G compared to indoline.
exhibited lower a values with 6.50 and 51.4%, respectively, Apart from that, Table 7 also shows the difference in the
in comparison to TBPBr/EG (88.9%) and TBABr/EG extraction capacity, o, and extraction affinity, f, of these solutes
(87.5%). Meanwhile, ChCI/PAA (99.2%) and ChCI/PPA during a single-solute extraction and multiple-solute extraction.
(96.3%) showed higher & values than TBPBr/EG and TBABr/ The comparison for the nitrogen compound was made at 5 wt
22327 https://doi.org/10.1021/acsomega.1c03034
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Table 8. List of Chemicals Used in This Study

(Germany)

Name Chemical Formula Structure Purity Supplier
TBPBr CyHs6BrP /_/_
N > 98.0 Sigma-Aldrich
Br (Germany)
TBABr C,cH36BrN > 98.0 Sigma-Aldrich
/\/\g/\_//_\/ - (Germany)
EG C,HsO, OH 99.8  Sigma-Aldrich
Ho N (Germany)
Hexadecane CH;(CH,),4CH; AN NN 299.0  Sigma-Aldrich
(Germany)
Pyridine CsHsN 99.8 Sigma-Aldrich
N (Germany)
=
I
\
Indoline CgHoN 99.0 Sigma-Aldrich
(I} (China)
DBT CHgS > 98.0 Sigma-Aldrich
GO

Chloroform-D1 CDCl;

Dodecane CioHis

NNN\NN

> 99.8 Sigma-Aldrich
(Germany)

Cl
e
2
d
Cl

>99.0 Sigma-Aldrich
(Germany)

% and sulfur was taken at 30 wt %. The choice of the weight
percent is to reflect the amount of nitrogen and sulfur
compounds found in real fuel oil as reported in the
literature.”** The extraction capacity of indoline and pyridine
is higher during a multisolute extraction when compared to
during a single-solute extraction. This shows that not only the
presence of sulfur did not affect the extraction of nitrogen
compounds but also the extraction of the multisolute
compound is more efficient than a single-solute compound.

The distribution coefficient, D, for experimental data
exhibited higher values compared to the values by COSMO-
RS, especially for the case of indoline, where the predicted D
value showed significantly lower values (TBABr/EG: 1.83 and
TBPBr/EG: 1.97) compared to the experimental results
(TBABr/EG: 30.0; TBPBr/EG: 44.0). This can also be seen
in Figures 9 and 10 where the experimental tie lines exhibit a
higher slope than the tie lines of the predicted COSMO-RS.
This shows the underestimation of capacity for both TBPBr/
EG and TBABr/EG by COSMO-RS.

Selectivity values, S, of TBPBr/EG follow the trend of D
values where experimental results are higher than those of the
COSMO-RS predictions. This is shown in Figure 9, where it
can be clearly seen that zero amount of n-hexadecane is found
in TBPBr/EG. On the other hand, a trace amount of n-
hexadecane can be found in TBABr/EG as opposed to the
COSMO-RS prediction tie line, which explains the lower
experimental S values for the TBABr/EG system (Figure 10).
However, the deviations between the predicted COSMO-RS
(TBABr/EG: 2.29%; TBPBr/EG: 4.25%) and experimental tie

lines were lower than 5%, which indicates the ability of
COSMO-RS in predicting equilibrium data.

3. CONCLUSIONS

The ability of two DESs, namely, TBPBr/EG and TBABr/EG,
to extract multiple solutes (pyridine, indoline, and DBT)
simultaneously from n-hexadecane was evaluated and pre-
sented in phase diagrams. There was zero cross-contamination
between the solvent and n-hexadecane, making these solvents a
good extractant solvent. All phase diagrams possessed a
positive slope, indicating the small amount of solvent required
to extract solutes from n-hexadecane. Performances of these
solvents were calculated from their selectivity (S), distribution
coefficient (D), extraction capacity (@), and extraction affinity
(B). Extraction capacity and extraction affinity are just
essentially percentage values of selectivity and the distribution
coefficient and were introduced for ease of comparison among
all three solvents. Based on the results obtained, TBPBr/EG
shows the highest a range of 89.1—78.4% followed by TBABr/
EG with 85.2—76.1%. It was also observed that TBPBr/EG has
a higher o value compared to TBABr/EG at all concentrations
except at 25 wt %. The o value decreases with the increase of
the solute weight percent except at 25 wt % solute. This is in
line with the COSMO-RS screening results, where TBPBr/EG
demonstrates higher values of capacity at infinite dilution than
TBABr/EG. This work shows promising results for sulfur and
nitrogen separation. Even though it cannot replace the
hydrotreating process entirely, this simple extraction process
can be introduced as a pretreatment process. This may help in
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prolonging the catalyst used in the hydro process due to the
reduced number of nitrogen and sulfur compounds. RMSD for
COSMO-RS calculated is less than 5%. It is safe to say that
COSMO-RS is a good tool for the preliminary test in solvent
prediction. The low deviation percentage between COSMO-
RS and experimental data shows the ability of COSMO-RS to
correctly predict the extraction capability of a certain solvent.

4. MATERIALS AND METHODS

4.1. Materials. The chemicals used in this work are listed
in Table 8 along with their purity, origin, and chemical
structure. Dodecane was used in gas chromatography (GC) to
determine the composition of the extract and raflinate phases.
Deuterated chloroform (CDCl;) was used in 'H NMR
spectroscopy analysis. DESs used in this work were
synthesized, whereas other chemicals, ie., pyridine, indoline,
dibenzothiophene, and hexadecane, were used as received
without further purification.

4.2. Screening of Deep Eutectic Solvents via COSMO-
RS. The conductor-like screening model for real solvents
(COSMO-RS) has been used as a solvent screening tool in the
past decade. It is a quantum chemical calculation approach
paired with statistical thermodynamics'® used to predict the
behavior of the liquid without requiring experimental data.
This is exceptionally useful for solvents like ILs and DESs,
which have limited data available for experimental physical and
chemical properties.

Behavioral prediction of liquid mixtures can be achieved in
COSMO-RS by converging the geometry and electron density
to its optimal energy state, which will be the reference for other
thermodynamic calculations. It is done in a perfect conductor
state instead of an exact dielectric boundary condition, which
enables COSMO-RS to achieve the results predictively at any
temperature. This calculation will result in the distribution of
screening charge density, which is then converted into a
function of surface composition. This screening charged
density will generate an output known as the. cosmo file
where the statistical thermodynamic principle will be applied
to calculate other important parameters, which are the
molecular energy. This calculated molecular energy is based
on the van der Waals force, electrostatic misfit, and hydrogen
bond of the molecules.’**

The screening charge densities, also known as the o-profiles,
describe the relative amount of surface with polarity ¢ for a
molecule X. This information is sufficient for the COSMO-RS
statistical thermodynamics calculations, where o-profiles for
solvents—pure or mixed—can be easily derived from the
molecular o-profiles obtained. It is derived as the mole fraction
weighted sum of the o-profiles of its compounds combined
with a surface normalization as written in the following
equation

2.xp (o)

p(o) = 72 e ©

N

The most relevant energy contribution for molecular
interaction is from electrostatics E, ;g and hydrogen bonding
Eyp, whereas van der Waals (E,4) is taken into account in an
approximate way. Electrostatics E_ ;g and hydrogen bonding
Eyg are described as functions of screening charges, which are
Gacceptor and O donor

! al !
Emisﬁt(G’ o ) = aeff?(g +o )2

(10)

EHB = AetfCHp min(o; (0’ Odonor + UHB)
(0; Gacceptor - GHB)) (11)
EvdW = eff(TvdW + T/vdW) (12)

The chemical potential of the surface can be calculated using
the following equation

Jo{(#) eyt

- Emisﬁt(o-) o') — EHB(G; 0/))] d()”}

#s(6) = —RT In

(13)

where (o) is the o-potential, which describes the affinity of a
solvent toward the surface polarity, o. By integrating the ug(0)
over the surface of the compound, the pseudo-chemical
potential of solute X in solvent S can be obtained using the
following calculation*’

it =+ [r*0ny(o) do "

COSMO-RS was used in this work as a screening tool by
estimating the activity coeflicient of each DES in extracting
nitrogen and sulfur compounds. Forty-four DESs were
screened, and their respective selectivity, capacity, and
performance index were calculated and evaluated to choose
the best DESs to simultaneously extract nitrogen and sulfur
compounds from diesel fuel oil. The list of DESs screened can
be found in Table S2 in the Supporting Information. First, the
chemical structures of all DESs, solvents, and solutes were
optimized using TurbomoleX performed at the 6-31G* basis
set at the Hartree—Fock level. After that, a single-point
calculation was performed using DFT and Becke—Perdew
methods together with the triple { valence potential (TZVP)
basis set to generate the. cosmo files. Lastly, the generated.
cosmo files will be exported to the COSMOthermX program to
be used in the computation of molecular energy by applying
statistical thermodynamic principles.

4.3. Molecule Representation in COSMO-RS. Since
ionic DES is made up of more than one molecule, an accurate
representation is very important. There are three approaches
that can be used in representing DESs in COSMO-RS, which
are (i) the metafile approach, (ii) the ion-pair approach, and
(iii) the electroneutral approach. Among these three
approaches, the third approach has the closest representation
of DES as in nature where both anions and cations are treated
as two individual compounds in an equimolar mixture. On the
other hand, the first approach treats ions differently in
COSMO calculations but later combines the calculation into
a file known as metafile in the COSMO-RS calculation and the
second approach uses an optimized ion-pair structure.

4.4, Synthesis of Deep Eutectic Solvents. DESs used in
this work were synthesized using the same method reported in
our previous work that follows the method described by
Abbott et al., where salt and HBD with specific molar ratios
were mixed.'”*"*> The two DESs used in this work are
TBPBr/EG and TBABr/EG at a salt/HBD molar ratio of 1:2,
respectively. A mixture of 15 g of salt (TBPBr or TBABr) with
its corresponding HBD (EG) was weighed using a Mettler
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Toledo balance with an accuracy of 0.001 g. These DES
mixtures were mixed in 100 mL blue cap bottles and stirred on
a hot-plate magnetic stirrer at a temperature of 80 °C and 200
rpm until homogenous liquids were formed. The blue cap
bottles were sealed with Parafilm tape to avoid moisture
contamination and loss to the surrounding. The stabilities of
these DESs were observed by leaving them at room
temperature for 24 h.

4.5. Preparation of Diesel Fuel Sample and Liquid—
Liquid Extraction. For this work, hexadecane was chosen as
the representative of diesel fuel oil, indoline and pyridine
represented nitrogen compounds, and dibenzothiophene was
the representative for sulfur compounds. The diesel fuel
sample was fixed at 3 g, whereas the concentrations of the
solute were varied from S to 30 wt % with an equivalent mass
of indoline, pyridine, and dibenzothiophene. Other than that,
an equal ratio of indoline, pyridine, and dibenzothiophene was
used for ease of experimental measurement. The solvents were
added to the feed mixture at a feed-to-solvent ratio of 1:1 in 20
mL glass scintillation vials. The samples were shaken at room
temperature and atmospheric pressure for S h and left to settle
for at least 12 h to ensure complete phase separation prior to
further analysis.

4.6. Compositional Analysis by GC. A Trace GC-2010
(Shimadzu) system consisting of a flame ionization detector
(FID) and an HP-5 column (5% diphenyl/95% dimethylpo-
lysiloxane, 30 m, 0.32 mm, 0.25 um) was used for the
characterization. Helium with a split mode was used as a
carrier gas. To measure the composition, dodecane was used as
an external standard and calibration curves of sulfur and
nitrogen compounds/dodecane were plotted (Figure S1).
Furthermore, the optimum conditions of GC analysis for sulfur
and nitrogen compounds/hexadecane system are provided in
Table 9. We triplicated each experimental measurement, and

Table 9. Gas Chromatography Operating Conditions

parameter
temperature of injector (K) 538.15
temperature of detector (K) §73.15
carrier gas pressure (kPa) 100

313.15 K for 4 min

313.15— 373.15§ K

rate: 15 K/min, hold time: 2 min
373.15-573.15 K

rate: 45 K/min, hold time: 2 min

oven program

the reported average uncertainty in molar compositions was
estimated to be +0.005. To confirm the absence of the DESs
in the top layer, samples from this layer were analyzed by 'H
NMR spectroscopy (Figures S2 and S3).

A total of 60 yL was taken from the extract and raffinate
layer to be dissolved in 0.7 mL of CDCl; into an NMR tube
using a pipette. A sample of the extract layer was purged to
avoid any contamination by the raffinate layer. The mixture
was shaken until it was fully dissolved in CDCl;, and the cap
was sealed with parafilm to avoid any loss and contamination.
The samples were analyzed using '"H NMR Bruker Ultrashield
Plus (400 MHz), where the hydrogen peaks of the mixtures
were measured. The peak of pure components and the mixture
of known concentrations were used to help select identification
peaks for calculation purposes.

4.7. Consistency Tests. The Othmer—Tobias and Hand
correlations were used to test the consistency of the quinary
experimental data using eqs 15 and 16.%

1 - " l . !
ln( //xH] =a+b ln(ﬂ]
Xy Xgv (15)

4 ’
ln[xs—/[f] =c+d ln(xS,U]
Xy Xy (16)
Xy, %gy, and xgy refer to the mole fraction of hexadecane,
solvent, and solutes, respectively, whereas ' and ” refer to
extract and raffinate phases, respectively. g, b, ¢, and d are the
Othmer—Tobias and Hand fitting parameters, where linearity

(R*) close to unity indicates high consistency of the
experimental data.”®
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