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ABSTRACT: Deep eutectic solvents (DESs) can be used as potential solvents for

q C e . . Regenerated
various applications. However, their recovery depends on both economic and W DES
environmental considerations. In this study, the possibilities for the recovery of methyl
triphenyl phosphonium bromide/triethylene glycol (MTPPB/TEG 1:4) after the Lo

application of combined dearomatization, desulfurization, and denitrogenation of fuels ll:ne:;:,t‘i:gs
are investigated. The DES was first prepared and characterized for its density, viscosity,

and water content. Then, the single-stage liquid—liquid extraction was conducted in

addition to testing the repetitive use of the DES. After that, two regeneration methods were studied: the stripping method (with n-
heptane) and the washing method (with distilled water or diethyl ether). In addition, a parametric study was conducted to optimize
the regeneration methods. The results showed that washing the used DES with distilled water was significantly more effective than
stripping the DES with n-heptane. In terms of quinoline reduction, distilled water reduced the quinoline content in the DES from 3.2
to 2.1 wt %, while n-heptane showed a minor reduction in the quinoline content (3.2 to 3 wt %). It was also found that a much more
effective recovery could be achieved by (i) increasing the DES-to-regeneration solvent mass ratio and (ii) increasing the number of
wash cycles. Furthermore, the regeneration temperature did not have a significant effect on the recyclability of the DES. The results
demonstrated that the regenerated DES was as effective in extraction as a fresh batch of DES.

Used DES

1. INTRODUCTION moderate cost of synthesis, the absence of purifying steps
required before use, their low flammability, and their
biodegradability.”'>~"° Since their discovery, the application
of DESs in various fields has shown the bright future of DESs
as a promising solvent.'*”"? Such an example could be found
in fuel purification processes, where DESs led their
effectiveness in improving the quality of fuels.”’~>* One of
the most advanced applications of DESs in fuel purification is
the simultaneous removal of different aromatics. Choline
chloride was used as an HBA in the DESs developed by Larriba
et al.>* to eliminate BTEX (i.e., benzene, toluene, ethylbenzene,
and xylene), along with some HBDs (including ethylene glycol,
glycerol, levulinic acid, phenylacetic acid, malonic acid, and
urea). The results confirmed that DESs are a potential
candidate to replace the extraction solvents for the removal
of aromatics. Other studies have also investigated the

Deep eutectic solvents (DESs) have attracted attention as
promising, effective, and eco-friendly solvents in various
processes. ~ They were first coined by Abbott et al,* where
a DES composed of choline chloride and urea in a molar ratio
of 1:2 was reported. According to Abbott et al,* this designer
solvent could form a eutectic mixture by mixing one or more
hydrogen bond acceptors (HBAs) and one or more hydrogen
bond donors (HBDs), which can include hydrogen bonding
between its constituents. Nevertheless, the definition of the
solvent remains a point of contention. More recently, Martins
et al.® claimed that a DES could be defined as “a mixture of two
or more pure compounds for which the eutectic point temperature
is below that of an ideal liquid mixture presenting significant
negative deviations from ideality. Additionally, the temperature
depression should be such that the mixture is liquid at operating
temperature for a specific composition range. Otherwise, a more
specific term ‘eutectic solvent’ could describe mixtures that do not Received: ~ September 6, 2022
fulfill these criteria”. Nevertheless, there is still room for Accepted:  December 20, 2022 &, o
improvement in the definition.’”® Published: December 27, 2022

DESs have been actively applied as a promising alternative to < 9N
volatile organic compounds and ionic liquids.”~'> DESs are
attractive for several reasons, including their inexpsensive to
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performance of DESs in the simultaneous removal of different
fuel impurities (i.e., sulfur- and nitrogen-containing aromatics).
They showed the possibility of using DESs in the combined
dearomatization, desulfurization, and denitrogenation pro-
cesses, 22232529

The economic and environmental aspects of the process
regarding the amount of solvent utilized increased the
importance of solvent recyclability. For example, regenerating
the DES reduces costs and prevents the use of substantial
amounts of DESs in every purifying startup.3'0 Therefore, DES
recycling has gained importance from different aspects, and
many publications have discussed the most effective recycla-
bility methods.*' ~**

Regeneration methods generally depend on the nature and
the extracted impurities of the solvent. For example, in the
adsorption method, the DES is recovered by utilizing activated
carbons or activated carbon fibers.”* > In this technique, the
adsorption efficiency depends mainly on the nature of the
solvent and the adsorbent structure. Activated carbons are
widely used because of their porous nature and large surface
area. A study by Lee et al.”’ investigated different regeneration
techniques for desulfurization. The adsorption method showed
extraction efficiencies comparable to those of the fresh DES
when extracting thiophene (Th), benzothiophene (BT), and
dibenzothiophene (DBT).

A second example is the liquid—liquid back-extraction
technique, in which several regeneration solvents demonstrated
their viability in efficiently regenerating solvents. Either
stripping or anti-solvent washing is used to execute this
approach. The most common solvents are ether,’® diethyl
ether,”’ water,”® and n-heptane.40 Makos and Boczkaj21
recovered choline chloride/phenol (1:4) containing Th, BT,
and DBT using diethyl ether. Their investigation found that
the DES could be recycled 15 times without a noticeable
decrease in extraction efficiency. Another study by Zhu et al.*!
tested the use of diethyl ether for the recovery of the
polyethylene glycol diacid/tetraethylammonium chloride (1:1)
DES used for denitrogenation (i.e., removal of indole, pyrrole,
quinoline, and pyridine).*" It was found that washing the DES
with diethyl ether was effective in regenerating the solvent.

In addition, Ali et al.*° investigated the feasibility of washing
the choline chloride/phenylacetic acid (1:2) DES with water
after using the DES in fuel denitrogenation. The results
indicated that recycling and reusing the DES after washing
with water effectively regenerated the DES. Simultaneously,
Yin et al.** also reported the effectiveness of cleaning choline
chloride/p-toluenesulfonic acid (1:2) with water in desulfur-
ization.

The evaporation method is another example of a
regeneration technique in which heating the mixture is the
main driving force to recover the DES from the volatile
compounds. Here, the operating conditions should be set with
caution to avoid solvent degradation. Rogosic and Zagajski
Kucan® investigated the evaporation method where a DES
consisting of choline chloride and propylene glycol was
recovered in a 1:3 molar ratio after the removal of sulfur and
nitrogen compounds from hydrocarbon mixtures. The results
showed the success of applying the evaporation method to
low-vapor pressure substances: toluene, Th, and pyridine.**

Other studies have investigated combining regeneration
methods to maximize the recovery of the DES. In 2018, Lima
et al™ used the liquid—liquid back-extraction method
combined with the evaporation method to recover the
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tetrabutylammonium chloride/polyethylene glycol 400 (1:2)
DES. The selected DES was first used to extract DBT and Th
from n-heptane. Then, the regeneration was carried out by
washing the rich phase (DES containing sulfur compounds)
with water, where the DBT formed a precipitant. After that, the
DES was regenerated using the evaporation method.
Comparing the fresh and recycled DES confirmed the success
of restoring the DES from both Th and water. The same
procedure was applied with different DESs in other
studies.*>*¢

To simulate fundamental fuel purification processes, our
previous work investigated the use of the methyl triphenyl
phosphonium bromide/triethylene glycol (MTPPB/TEG 1:4)
DES in simultaneously extracting toluene, Th, and quinoline
from n-heptane.”® However, it was found that regenerating the
MTPPB/TEG 1:4 DES using evaporation under vacuum
resulted in removing only the low-boiling-point impurities Th
and toluene, whereas quinoline showed an insignificant
reduction. Therefore, in this contribution, we aimed to
overcome the deficiency of regenerating the MTPPB/TEG
(1:4) DES and to investigate different techniques for
recovering the DES in the combined processes in addition to
optimizing the key factors for efficient regeneration. To the
extent of our knowledge, this is the first work that investigates
various regeneration methods and their optimized conditions
to maximize DES recyclability from high-boiling-point
compounds such as quinoline.

The DES was first prepared, characterized, and then used in
a single-stage liquid—liquid extraction (LLX) experiment to
remove impurities from a fuel model consisting of toluene, Th,
and quinoline as impurities and n-heptane representing the
fuel. After that, the capacity of the DES was investigated by
performing LLX in three cycles. Then, two regeneration
methods were studied: the stripping method (using n-heptane)
and the washing method (using distilled water or diethyl
ether). Likewise, a parametric study was conducted to optimize
the regeneration methods: (1) types of regeneration solvents,
(2) effect of the DES-to-regeneration solvent mass ratio, (4)
regeneration temperature, and (5) the number of washing
cycles. Then, using the optimized conditions, a comparison
was made between the fresh and recycled DESs. Finally, the
HBD was changed from polyol-based (ie, TEG) to acidic-
based [ie, 3-phenyl propionic acid (PA)] to study the
application of regeneration methods on different DESs. The
results showed that washing the used DES with distilled water
was significantly more effective than stripping the DES with n-
heptane. Moreover, it was observed that a much more effective
recovery could be achieved through the use of (i) a higher
DES-to-regeneration solvent mass ratio and (ii) an increase in
the number of washing cycles. Furthermore, it was found that
the regeneration temperature had no significant effect on the
recyclability of the DES. After determining the optimal
regeneration conditions, the recovered DES was re-utilized in
the combined extractive process, and the results showed that
the extraction efliciencies of the regenerated DES was
comparable to that of a fresh batch of DES.

2. MATERIALS AND METHODS

2.1. Materials. For the preparation of the DES,
methyltriphenylphosphonium bromide (>98.0%), TEG
(299.0%), PA (>99.0%), and ethanol (>99.8%) were
purchased from Sigma-Aldrich. As for the oil model, n-heptane
(>99.0%), toluene (>99.5%), Th (>99.0%), and quinoline

https://doi.org/10.1021/acsomega.2c05776
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(>98.0%) were all obtained from Sigma-Aldrich. Diethyl ether
(>99.5%) as a regeneration solvent was supplied by Honey-
well. All chemicals were used without further purification.

2.2. DES and Fuel Model Preparation. DESs were
prepared usin% the heating method, as explained in our
previous work.”® Using the Shimadzu balance AUX220, pre-
weighed amounts with an uncertainty in the measurement of
+0.0002 g HBA (methyl triphenylphosphonium bromide,
MTPPBr) and HBDs (TEG or PA) were placed in screw-
capped bottles. The mixture was then kept in a temperature-
controlled incubated shaker (IKA KS 4000) i-control with a
temperature stability of +0.1 K at a temperature of 338.2 K
and stirred at around ~300 rpm until a clear homogeneous
liquid was formed. Similar to our previous work,”® we used a
fuel model consisting of 20% toluene, 2% Th, 2% quinoline,
and 76% n-heptane, all by weight (wt %).

2.3. DES Characterization. The DES was characterized
for its (i) water content using the Karl-Fischer titration (GRS
Scientific/Aquamax KF Coulometric) and (ii) and viscosity
and density using an SVM 3001 kinematic viscometer (Anton
Paar). Fourier transform infrared (FTIR) spectrometry was
also conducted on the prepared DESs using a PerkinElmer
VERTEX 80v (transmittance mode) in the wavenumber range
of 4000—400 cm™".

2.4. Regeneration. The regeneration experiment com-
prises three major steps: (1) conducting the single-stage LLX,
(2) washing or back-extraction where the regeneration solvents
are used to capture the impurities within the DES, and (3)
evaporation under the vacuum of the DES-rich phase to
recover the pure DES by evaporating the impurities and
regeneration solvent from the DES.

The fuel model and the chosen DESs were combined in a
1:3 ratio (DES/F = 1:1) in the first stage of the LLX
experiment. The mixtures were then stirred for 4 h at 1000
rpm and 2982 K wusing an Eppendorf thermomixer C.
Subsequently, the mixtures were maintained for 24 h at a
temperature of 298.2 K for the phases to settle and reach
equilibrium. The extract phase (DES-rich phase) was then
separated from the raffinate phase (n-heptane) using syringes
without disturbing the phases coexistence interface in step 2.

In step 2, two methods were applied: either washing the
DESs with water/organic solvent or using a low-boiling-point
hydrocarbon to back-extract the impurities. In this work, we
used distilled water and diethyl ether as anti-solvents to wash
the DES, while n-heptane was used in the back-extraction
method. At mass ratios of 2:1, 1:1, and 1:1.5, the extract phases
of step 1 were mixed with either distilled water, diethyl ether,
or n-heptane, respectively. Subsequently, the mixes were put in
an Eppendorf thermomixer C at 298.2 K at 1000 rpm for 4 h
and then allowed to stand overnight at sustained 298.2 K to
settle and achieve equilibrium. The DES-rich phase was then
extracted again for use in step 3.

In step 3, a DES-rich phase was placed in a rotary evaporator
(BUCHI, Rotavapor R-215) at vacuum pressure (~3S mbar)
and 2982 K for 12 h. Samples from the upper and bottom
phases were taken for gas chromatography (GC; Agilent 6890
N) and FTIR analysis. All samples analyzed via GC were
diluted using 1 mL of ethanol as an internal standard. The
operating variables with GC specifications used for this study
are described in Table 1. The method was validated by
measuring known composition samples, and the root mean
square deviation (RMSD) was equal to 0.00S. Because the
DES is a low-volatility compound, its mass concentration was
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Table 1. GC Specifications

operating variable specification

column Agilent J&W HP-$
(30 m X 0.32 mm X 0.25 um)
detector flame ionization detector (FID)
injector temperature 5482 K
oven temperature profile 323.2—523.2 K at 20 K'min™*
detector temperature 4732 K
carrier gas helium
gas flow rate 2 mL-min~"
injection volume 1 uL
retention time repeatability 0.003
method verification (max RMSD)  0.005
method verification (statistical 0.004

uncertainty)

determined by mass balance calculations. Furthermore, all
experiments were duplicated, and the mean and maximum
standard deviations were +0.8 and 3.5%, respectively.

3. RESULTS AND DISCUSSION

3.1. DES Characterization. To characterize the new DES
reported in this work (i.e, MTPPB/PA), different properties
such as density, viscosity, and water content were measured to
be compared with the properties of MTPPB/TEG. Starting
with the density property, Figure 1 shows that the DES with
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Figure 1. Density of MTPPB/TEG (1:4) and MTPPB/PA (1:4)
DESs.

TEG as an HBD has higher density values than the PA-based
DES, with values of 1.190 and 1.185 at 298.2 K, respectively.
Both solvents exhibit a high difference compared to the density
of fuel, which is advantageous because the larger the difference
between the densities of the two phases, the better the
separation. The density data were correlated using linear
regression with an R* value of 0.9999, as shown in eqs 1 and 2

_ —4
Poroes eg) = (=7:216 X 107)(T) + 14055 (1)

Pourees/pa) = (—7:244 X 107)(T) + 1.4006

)

where temperature and density are expressed in kelvin and
grams per cubic centimeter; respectively.

Table 2 shows that the MTPPB/TEG (1:4) DES has
substantially lower viscosity than the MTPPB/PA (1:4) DES,
which may improve the extraction process by allowing the
DESs to flow more easily (i.c., lower pumping power). High-

https://doi.org/10.1021/acsomega.2c05776
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Table 2. Viscosity, Water Content, and Density at 298.2 K
for MTPPB/TEG (1:4) and MTPPB/PA (1:4) DESs

property MTPPB/TEG(1:4) MTPPB/PA(1:4)
viscosity (mPa-s) 138.66 526.48
water content (wt %) 0.36 0.19
density (grem™) 1.190 1.185

viscosity solvents could also limit the mass transfer between
phases, resulting in high residence time during extraction. The
water content of MTPPB/PA at 298.2 K was also measured to
be 0.198 wt %, which was lower than the water content of
MTPPB/TEG (0.355 wt %).

3.2. Single-Stage LLX. The single-stage LLX experiment
was first conducted to prepare the extract phase (bottom
phase) to be used in the regeneration step. The experiment
was carried out under the same operating conditions as those
reported by Warrag et al.”® except for the mixing and settling
times. In this study, the mixture was maintained longer to
guarantee a longer contact time between the DES and the fuel
model. The fuel model was mixed with the MTPPB/TEG
(1:4) DES; the results are illustrated in Figure 2. It can be seen

100

- Quinoline |:| Thiophene |:| Toluene

80
60 4
40 -

20

Extraction Efficiency (%)

—

This 'work

1

0- T
Warrag et al.

Figure 2. Comparison of the single-stage extraction efficiency of this
work with that of Warrag et al*® at DES/F = 1:1, T = 2982 K, P =
1.01 bar, stirring time = 4 h, and settling time = 24 h. Data adopted
from ref 28. Copyright 2020 ACS American Chemical Society.

that the MTPPB/TEG (1:4) DES had a similar extraction
efficiency for all impurities compared to the reported one,” so
it is safe to conclude that the increase in mixing and settling
times has an insignificant effect on the extraction of fuel
impurities after 2 h of settling.”®

Another DES was also investigated to examine the
reproducibility of the regeneration method. Here, TEG was
replaced with PA to form MTPPB/PA at a molar ratio of 1:4.
The same operating conditions were applied, and the results
are shown in Figure 3. The change in the HBD from a polyol
to an acidic HBD slightly increased the extraction efficiency of
quinoline and toluene while causing a minor reduction in the
extraction of Th. The MTPPB/PA (1:4) DES demonstrated
efficiencies of 89.3, 27.3, and 10.0% for the removal of
quinoline, Th, and toluene, res7pectively. This is consistent with
the work of Hizaddin et al,*” who reported that the acidic-
based DESs show better performance for the denitrogenation
process. This was attributed to the formation of aromatic
HBD, which forms a 7—r interaction between the C=C bond
of toluene and the C=O bond of the acid, resulting in an
enhanced removal from the fuel.”” This explains the ability of
the MTPPB/PA (1:4) DES to extract toluene, Th, and
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Figure 3. Comparison between MTPPB/PA (1:4) and MTPPB/TEG
(1:4) DESs in terms of the single-stage extraction efficiency.
Conditions: DES/F = 1:1, T = 2982 K, P = 1.01 bar, stirring time
= 4 h, and settling time = 24 h.

quinoline simultaneously. Subsequently, the DES was
repeatedly used to examine its capacity before saturation.
3.3. DES Capacity. The importance of studying the DES
capacity from an economic standpoint stems from the concept
of using the solvent multiple times. When a solvent can be
reused, it saves time, effort, resources, and money. This
experiment was evaluated by performing LLX using the same
DES added to a fresh fuel model in every cycle at a 1:1 solvent-
to-feed mass ratio, a temperature of 298.2 K, and 1.01 bar. The
procedure was repeated until the DES was saturated with
impurities. In Figure 4, the results showed that the extraction
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Figure 4. Repetitive use of the MTPPB/TEG (1:4) DES under the
following conditions: DES/F = 1:1, T = 298.2 K, P = 1.01 bar, stirring
time = 4 h, and settling time = 24 h.

efficiency generally decreased after each cycle until the DES
was saturated with contaminants after three cycles. The
toluene extraction efficiency decreased from 8.3 to ~0%,
where the DES could not extract additional toluene, while the
extraction efficiency of Th decreased from 29.1 to 1.9%. As for
quinoline, it dropped from 85.2 to 49.1%. The trends obtained
are attributed to the following; (1) the z-electrons found in the
toluene structure generate an electrostatic cloud that may
facilitate its interaction with the DES, leading to partial
solubility and low extraction efficiency and (2) the existence of
the electronegative elements, that is, sulfur and nitrogen, found
in Th and quinoline, respectively, increased the attraction
forces between the solute and the DES. Therefore, presumably,
the high extraction ability of these molecules is due to a
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combination of electrostatic and hydrogen-bonding interac-
tions. The results conclude that the prospect of solvent
regeneration could substantially increase its reusability and
improve the purification process.

The same experiment was conducted for the MTPPB/PA
(1:4) DES, and the same trends were observed where the
extraction efficiency decreased when the MTPPB/PA (1:4)
DES was reused, proving the importance and necessity of
regenerating the DES again. Therefore, the regeneration
solvents were tested for their ability to restore the DES
(Figure 5).
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Figure 5. LLX using MTPPB/PA (1:4) in multiple cycles.
Conditions: DES/F = 1:1, T = 298.2 K, P = 1.01 bar, stirring time
= 4 h, and settling time = 24 h.

3.4. DES Regeneration. In this work, the regeneration
method was conducted in two steps: (1) extraction of the
impurities by washing the extract phase with either anti-solvent
(e.g, diethyl ether or water) or back-extraction with a low-
boiling-point hydrocarbon (eg, n-heptane) and then (2)
introducing the extraction phase (bottom phase) into
evaporation under vacuum. The following sections summarize
the parametric investigation to optimize DES regeneration.

3.4.1. Selection of the Regeneration Method. An initial
screening was conducted to select the most suitable solvent for
DES regeneration. The extract phase prepared from the single-
stage LLX experiment was mixed separately with three
regeneration solvents: distilled water, diethyl ether, and n-
heptane. Then, the bottom phase was placed in the vacuum
evaporator to regenerate the DESs. Of note, the diethyl ether
formed a precipitate in the extract phase, as shown in Figure 6.
This could be attributed to the incompatibility between the
DES constituents and the diethyl ether solvent. The same
behavior was observed when testing MTPPB/PA (1:4).

Consequently, diethyl ether was excluded from the rest of
the experiments. The results are shown in Figure 7a for
selecting regeneration solvents; distilled water and n-heptane.
It can be seen that both solvents successfully purified MTPPB/
TEG (1:4) from Th and toluene. However, distilled water
reduced the quinoline content in the DES from 3.2 to 2.1 wt
%, while n-heptane showed a minor reduction in the quinoline
content (3.2 to 3 wt %). The same results were obtained when
regenerating the MTPPB/PA (1:4) DES (Figure 7b).

Although these results encourage the use of distilled water
and n-heptane to regenerate the DES used in fuel purification,
other concerns should be considered. For instance, distilled
water is an environmentally friendly solvent that has shown its
effectiveness in purifying different DESs but is still
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Figure 6. Precipitation formed when diethyl ether as a regeneration
solvent was used.

questionable regarding the energy cost required to be
separated from the DES. Moreover, diethyl ether and n-
heptane are volatile organic solvents that could raise
environmental concerns. Therefore, the selection of the
regeneration method is a compromise between the effective-
ness of the solvent and its greenness.

3.4.2. Effect of the DES-To-Regeneration Solvent Mass
Ratio. After the regeneration solvents were selected, the rest of
the experiments focused on the removal of quinoline.
Therefore, in this experiment, the effect of varying the DES-
to-regeneration solvent (DES/RS) mass ratio on the reduction
of quinoline was studied. The DES/RS mass ratio went from
2:1 to 1:1.5. Figure 8a shows that the increase in the amount of
regeneration solvent increases the removal of quinoline, which
was expected. In comparison to the performance of the
regeneration solvents, distilled water significantly affected the
removal of quinoline. The increase in the mass ratio
substantially reduced the amount of quinoline content in the
regenerated DES from 3.2 to 0.8 wt %. In contrast, n-heptane
reduced the quinoline content to 2.8 wt %. The mass ratio of
the DES to regeneration solvent is critical to determining the
extraction efficiency. Therefore, in all subsequent experiments,
a mass ratio of 1:1.5 was maintained between the DES and the
regeneration solvent. Furthermore, the DES-to-regeneration
solvent mass ratio was also investigated for the MTPPB/PA
(1:4) DES, and the results are shown in Figure 8b. The most
feasible DES-to-regeneration solvent mass ratio was 1:1.5.
Therefore, the DES-to-regeneration solvent mass ratio of 1:1.5
was also selected for the rest of the experiments of the recovery
of the MTPPB/PA (1:4) DES.

3.4.3. Effects of Washing Cycles. The effect of washing
cycles was investigated by adding fresh regeneration solvent to
the regenerated DES to examine the number of cycles needed
to obtain the high quinoline removal. These experiments were
carried out in three cycles, adding fresh distilled water or n-
heptane in each cycle to the regenerated DES phase from the
previous stage. The results are shown in Figure 9a. Generally,
both regeneration solvents showed a decrease in quinoline
content after every cycle. Figure 9a shows a significant
reduction in quinoline content when using distilled water,
reaching 0.1 wt % after three washes, suggesting that using
distilled water in cycles is highly effective in regenerating. This
indicates that using distilled water in cycles is highly effective in
restoring the DES. However, the use of n-heptane had a minor
effect on regenerating the DES, indicating the ineffectiveness of
n-heptane as a regeneration solvent for MTPPB/TEG (1:4).
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Therefore, washing the DES with distilled water was selected
for further investigation.

As for the regenerated MTPPB/PA (1:4) DESs, Figure 9b
shows the results obtained. It can be observed that a significant
decrease in quinoline content was obtained using distilled
water after three washes, suggesting that the use of distilled
water in cycles is highly effective in regenerating the DES.

3.4.4. Effects of Regeneration Temperature. The effect of
the regeneration temperature on the performance of the
regeneration solvent (distilled water) is shown in Figure 10. It
can be seen that the increase in regeneration temperature had a
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minor effect on regenerating MTPPB/TEG (1:4). Thus, the
regeneration temperature was maintained at 298.2 K for the
rest of the experiments.

3.4.5. Fresh and Regenerated DES Comparison. The
degradation of the regenerated DES (after three water washing
cycles) compared to that of the fresh DES was examined
through their FTIR spectra (Figure 11). As can be seen, the
spectra of the regenerated DES and the fresh DES are identical,
indicating that the regenerated DES did not degrade after
being washed with distilled water and exposed to vacuum
conditions. This confirms the effectiveness of the washing
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Figure 11. Comparison between the fresh and regenerated MTPPB/
TEG (1:4) DES FTIR spectra under the following conditions: DES/F
=1:1, DES/RS = 1:1.5, T = 298.2 K, P = 1.01 bar, stirring time = 4 h,
and settling time = 24 h.

solvent showed 81.3, 28.1, and 7.1% quinoline, Th, and
toluene, respectively. This is presumably because of the
presence of quinoline traces in the regenerated DES, which
could hamper the performance of the DES. This experiment
concludes the ability to regenerate the MTPPB/TEG (1:4)
DES from quinoline using water and vacuum evaporation for
use in combined dearomatization, desulfurization, and
denitrogenation.

The effectiveness of the regenerated MTPPB/PA (1:4)
DES, which underwent three cycles of water regeneration, was
compared to that of the fresh DES (Figure 13). It can be
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Figure 13. Comparison of the extraction efficiencies of fresh and
regenerated MTPPB/PA (1:4).

observed that the performance of the regenerated DES is
almost similar (with a slight decrease) to that of the fresh DES,
demonstrating that the regeneration method was successful.
The FTIR spectra of fresh and regenerated DESs are also
shown in Figure 14, which shows that no noticeable

method in regenerating the selected DES from the high-
boiling-point compound (quinoline).

Fresh and regenerated DESs were also used for extraction to
evaluate the efficiency of the regenerated DES compared to
that of the fresh DES. It can be seen in Figure 12 that the
extraction efficiency of the three impurities, quinoline, Th, and
toluene, showed a minor decrease when using the regenerated
DES. The fresh DES showed 85.2, 29.0, and 8.3% removal of
quinoline, Th, and toluene, respectively. The regenerated
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Figure 12. Comparison between fresh and regenerated MTPPB/TEG
(1:4) DESs under the following conditions: DES/F = 1:1, DES/RS =
1:1.5, T = 298.2 K, P = 1.01 bar, stirring time = 4 h, and settling time
=24 h.
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Figure 14. Comparison between the fresh and regenerated MTPPB/
PA (1:4) DES FTIR spectra under the following conditions: DES/F =
1:1, DES/RS = 1:1.5, T = 298.2 K, P = 1.01 bar, stirring time = 4 h,
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degradation of the DES occurred after the regeneration
procedure. From the demonstration experiments, it can be
concluded that MTPPB/PA (1:4) can also be regenerated with
water and vacuum evaporation when the combination of
dearomatization, desulfurization, and denitrification is used.

4. CONCLUSIONS

Global environmental problems require an improvement in
fuel quality. This study investigates the potential of
regenerating MTPPB/TEG (1:4) after use in simultaneous
dearomatization, desulfurization, and denitrogenation. Two
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regeneration methods were used: the back-extraction method
(using n-heptane) and the washing method (using distilled
water or diethyl ether). In addition, several parameters were
studied to optimize the regeneration methods: (1) type of the
regeneration solvent, (2) effect of the DES-to-regeneration
solvent mass ratio, (3) number of washing cycles, and (4)
regeneration temperature. It was found that the use of diethyl
ether was not practical because it caused precipitation when
mixed with MTPPB/TEG (1:4). Therefore, it was excluded
from the study, while the other two regeneration solvents,
distilled water and n-heptane, were used for further studies.
The increase in the regeneration solvent mass ratio increased
the removal of quinoline from the regenerated DESs. It was
found that a DES-to-regeneration solvent mass ratio of 1:1.5
was effective in regenerating the DES. In addition, variation in
regeneration temperature had little effect on regeneration
performance and was therefore kept at 298.2 K. The fresh DES
was compared with the regenerated DES (after three cycles of
water washing). The results showed the effectiveness of the
regeneration method in recovering the DES as the extraction
efficiencies of fresh and regenerated DESs were almost the
same. The same regeneration method was applied to another
DES by changing the HBD (from TEG to PA). The results
showed that after regeneration with water in three cycles, the
performance of the regenerated DES was also almost the same
(with a slight decrease) as that of the fresh DES, indicating that
the regeneration method was successful for both the polyol-
based DES and the acid-based DES.
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B LIST OF ABBREVIATIONS

DESs deep eutectic solvents

LLE liquid—liquid equilibrium

LLX liquid—liquid extraction

HBA hydrogen bond acceptor

HBD hydrogen bond donor

S/F solvent-to-feed ratio

MTPPB methyl triphenyl phosphonium bromide
TEG triethylene glycol

VOCs  volatile organic compounds

ILs ionic liquids

FTIR  Fourier transform infrared

GC gas chromatography

RMSD  root mean square deviation

Th thiophene

BT benzothiophene

DBT dibenzothiophene

DES/RS DES-to-regeneration solvent mass ratio
PA 3-phenyl propionic acid
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