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Abstract

This study demonstrates the high efficiency and selectivity of p-toluenesulfonic acid-based
deep eutectic solvents (DESs) for simultaneous extractive denitrogenation (EDN) and desul-
furization (EDS) of model fuel. Three DESs—TBPB:PTSA, TBAB:PTSA, and ChCl:PTSA (1:1
molar ratio)—were synthesized and evaluated for their effectiveness against representative
heteroaromatic pollutants: thiophene, dibenzothiophene, pyridine, and carbazole. The
phosphonium-based TBPB:PTSA exhibited the highest extraction performance, achieving
over 96% removal of nitrogen species and up to 85% removal of sulfur species at 40 ◦C.
Increasing the temperature enhanced desulfurization by reducing viscosity, thereby im-
proving mass transfer kinetics. Additionally, a 3:1 ratio of DES to fuel provided an optimal
balance between solvent economy and operational efficiency. Denitrogenation was driven
by strong acid–base protonation facilitated by PTSA, while desulfurization was governed
by π–π and dispersion interactions, modulated by the hydrophobicity of the cations. The
DES achieved nearly quantitative nitrogen removal and satisfactory sulfur extraction after
three reuse cycles, while multistage operation enabled complete purification within four
extraction steps. 1H NMR analysis confirmed that no DES components were found in
the raffinate phase, verifying the immiscibility and stability of the solvent. These results
indicate that TBPB:PTSA is a robust, regenerable, and environmentally benign solvent,
effectively enabling simultaneous EDN–EDS of hydrocarbon fuels and positioning it as a
promising green alternative to traditional hydrogen-based refining methods.

Keywords: deep eutectic solvents (DESs); extractive denitrogenation; extractive desulfurization;
p-toluenesulfonic acid; liquid–liquid extraction

1. Introduction
Fossil fuels, including oil, coal, and natural gas, have been the primary sources

of global energy supply for several decades [1,2]. However, burning these fuels emits
sulfur- and nitrogen-containing compounds, which contribute to acid rain, smog, and other
significant environmental problems [3]. Current emissions regulations require fuels to
contain ultra-low levels of sulfur and nitrogen. For example, the U.S. Ultra-Low Sulfur
Diesel standard limits sulfur content to 15 ppm [4]. Despite the growth of renewable energy,
fossil fuels still dominate the energy mix, presenting society with a critical choice: transition
rapidly to clean energy or continue using fossil fuels with stricter regulations. In practice,
both approaches are expected to be implemented, requiring a significant reduction in fuel
pollutants while still using conventional fuels. increasing stringency of these regulations
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highlights the essential need for effective methods to reduce sulfur and nitrogen compounds
in fuels.

Traditional cleanup processes use catalytic hydrodesulfurization (HDS) and hydroden-
itrogenation (HDN) to break C–S and C–N bonds, producing H2S and NH3 [5]. These pro-
cesses, which operate at high pressure and temperature, are efficient but energy-intensive
and require large amounts of hydrogen [3]. The presence of nitrogen compounds causes
catalyst poisoning, making sequential hydrodenitrogenation (HDN) before hydrodesulfur-
ization (HDS) necessary to maintain process efficiency [6]. In response, various alternative
methods—including adsorptive, oxidative, and biological approaches, as well as novel
solvents—have been explored [7]. Due to their user-friendly nature, cost-effectiveness,
minimal impact on final fuel quality, and compatibility with other technologies, extractive
desulfurization (EDS) and extractive denitrogenation (EDN) have attracted significant
attention among these techniques [8–10]. Deep eutectic solvents (DESs), which have low
volatility and toxicity and can be prepared by combining a salt with a hydrogen-bond
donor [11,12], have shown potential for extracting sulfur or nitrogen compounds.

Recent studies have increasingly focused on deep eutectic solvents (DESs) for fuel
purification. In earlier work, Gao et al. [13] used an ionic liquid in an oxidative process to
reduce diesel sulfur from 150 ppm to 8.1 ppm. Laredo et al. [14] showed that a customized
ionic liquid could effectively extract carbazole-type nitrogen compounds from fuel without
being affected by coexisting sulfur. These results highlight the effectiveness of designer
solvents. Deep eutectic solvents (DESs) made from choline chloride and ethylene glycol,
or other hydrogen bond donors (HBDs), have achieved extraction efficiencies exceeding
98% for both pyridine and carbazole from model fuel. Functionalized ammonium- and
phosphonium-based deep eutectic solvents (e.g., with ethylene glycol) have shown im-
proved partition coefficients and selectivity. Simultaneous removal of sulfur and nitrogen
has also been studied: Li et al. [15] demonstrated the extraction of sulfur and nitrogen using
a deep eutectic solvent with an oxidative pretreatment step. Alli and Kroon [16] examined
benzothiazole, which contains both sulfur and nitrogen, using tetrahexylammonium-based
deep eutectic solvents (DESs). Suhaimi et al. [5] reported a biodegradable p-toluenesulfonic-
acid deep eutectic solvent (DES) that enables simultaneous extraction of sulfur (S) and
nitrogen (N). Lima et al. [17] evaluated four different DESs on synthetic fuel mixtures,
finding that matrix composition had a greater effect on sulfur removal than on nitrogen.
These pioneering efforts show that customized DES formulations can achieve simultaneous
desulfurization and denitrogenation; however, practical one-step systems are still under
development. Table 1 presents a conceptual comparison for simultaneous versus sequential
treatment. In contrast to traditional stepwise HDN–HDS processes, simultaneous extraction
offers an opportunity to simplify the process, reduce hydrogen usage, and operate under
milder conditions, ultimately enhancing overall process efficiency.

In contrast to traditional stepwise hydrotreating, the simultaneous EDN/EDS method
offers a more straightforward approach by enabling the removal of both sulfur- and
nitrogen-containing compounds in a single extraction step. This method reduces the
number of unit operations, eliminates the need for external hydrogen, and allows operation
under mild conditions, unlike hydrotreating, which typically requires hydrogen, elevated
temperatures, high pressures, and catalyst beds. Additionally, a concurrent solvent-based
approach can avoid catalyst deactivation problems associated with nitrogen and sulfur
compounds. Therefore, the simultaneous removal approach is attractive when a solvent
provides complementary selectivity for both types of contaminants.
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Table 1. Conceptual comparison of simultaneous EDN/EDS in this work and conventional stepwise
hydrotreating [18,19].

Metric Simultaneous Removal Conventional Stepwise

Unit Operations Single combined extraction step Sequential catalytic stages

Equipment/CAPEX Potentially lower due to simpler
separation train

Typically higher due to reactors, catalyst beds,
and hydrogen handling

H2 requirement None (Non-catalytic) Requires hydrogen for HDN/HDS

Energy Intensity Mild operating conditions High temperature and pressure

Catalyst Integrity Not applicable (non-catalytic process) Catalyst poisoning/deactivation may occur

Environmental Impact Lower indirect emissions due to
elimination of hydrogen production

Higher indirect emissions associated with
hydrogen supply

Although deep eutectic solvents show promise in extractive desulfurization and
denitrogenation, significant challenges remain in formulating a single solvent that can
effectively remove both sulfur- and nitrogen-containing compounds under mild conditions.
Several reported systems rely on oxidative pretreatment, exhibit reduced sulfur extraction
in complex fuel matrices, or exhibited limited recyclability. Additionally, systematic studies
comparing the influence of DES cation structure on simultaneous extraction performance
are scarce, and the practical advantages of integrated EDN/EDS over traditional stepwise
hydrotreating have not been clearly demonstrated. This study aims to develop and evaluate
three p-toluenesulfonic acid (PTSA)-based deep eutectic solvents (DESs)—TBPB:PTSA,
TBAB:PTSA, and ChCl:PTSA—for the direct, simultaneous removal of sulfur and nitrogen
compounds from model and simulated fuels under mild conditions. The investigation sys-
tematically examines the effects of operating parameters, solvent structure, and reusability
to identify an extraction system that is efficient and stable.

2. Materials and Methods
The list of chemicals used in this study is summarized in Table 2. All chemicals

were employed without further purification due to their high purity. Three distinct DESs,
TBAB:PTSA (1:1), ChCl:PTSA (1:1), and TBPB:PTSA (1:1) were prepared according to the
procedure described by Abbott et al. [20]. The hydrogen bond acceptors (TBAB, TBPB, or
ChCl) were combined with PTSA at an equimolar ratio inside sealed bottles. The resulting
mixtures were introduced into a temperature-controlled shaking incubator and agitated
at 200 rpm, with the temperature maintained at 80 ◦C (±0.1 ◦C), until homogeneous and
clear liquids were obtained.

Table 2. List of chemicals and materials used in this study.

Name Linear Formula Purity (%) Supplier City Country

Tetrabutyl ammonium
Bromide (TBAB) (CH3CH2CH2CH2)4N(Br) 99 Loba Chemie Mumbai India

Choline chloride (ChCl) HOCH2CH2N(CH3)3Cl 99 Fisher scientific Schwerte Germany
Tetrabutylphosphonium

bromide (TBPB) (CH3CH2CH2CH2)4P(Br) 98 Sigma-Aldrich Taufkirchen Germany

p-Toluenesulfonic acid
monohydrate (PTSA) CH3C6H4SO3H.H2O 98.5 Sigma-Aldrich Taufkirchen Germany

Naphthalene C10H8 99 Sigma-Aldrich Taufkirchen Germany
Thiophene C4H4S ≥99 Sigma-Aldrich Taufkirchen Germany

Dibenzothiophene (DBT) C12H8S 98 Sigma-Aldrich Taufkirchen Germany
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Table 2. Cont.

Name Linear Formula Purity (%) Supplier City Country

Pyridine C5H5N 99.5 Loba Chemie Mumbai India
Carbazole C12H9N ≥99 Sigma-Aldrich Taufkirchen Germany
Toluene C6H5CH3 ≥99 Scharlau Barcelona Spain

n-Hexane CH3(CH2)4CH3 99 Scharlau Barcelona Spain
n-Heptane CH3(CH2)5CH3 99 Scharlau Barcelona Spain

Isooctane (CH3)2CHCH2C(CH3)3 99 PanReac
AppliChem Monza Italy

n-Dodecane CH3(CH2)10CH3 ≥99 Sigma-Aldrich Taufkirchen Germany
n-Hexadecane CH3(CH2)14CH3 99 Sigma-Aldrich Taufkirchen Germany
Diethyl ether (CH3CH2)2O ≥99 Sigma-Aldrich Taufkirchen Germany

2.1. Model Fuels Preparation

n-Heptane was selected as the base model fuel. Thiophene and dibenzothiophene
(DBT) were chosen as model sulfur contaminants, while carbazole (non-basic) and pyridine
(basic) served as model nitrogen contaminants. Tables 3 and 4 present the temperature-
dependent density and viscosity for each DES, respectively. The experimental measure-
ments were performed using an DMA 4100 M densitometer (Anton Paar GmbH, Richmond,
VA, USA) (repeatability: 0.05 kg/m3; precision: 0.1 kg/m3) and a Lovis 2000 M/ME vis-
cometer (Anton Paar GmbH, Richmond, VA, USA). To identify the most effective DES, each
model contaminant was first dissolved individually in n-heptane. Various conditions were
then investigated to optimize the performance of the DES. Subsequently, the simultaneous
extraction of the different contaminants was studied by dissolving all model compounds
into n-heptane. Following this, diesel and gasoline models were developed as specified
in Table S1. To mimic concentrations found in real-world fuels, higher concentrations of
sulfur contaminants relative to nitrogen contaminants were prepared. Thus, the initial
concentrations were set at 1500 ppmw for thiophene, 3000 ppmw for DBT, 1500 ppmw for
pyridine, and 300 ppmw for carbazole.

Table 3. Density (g/cm3) of three DESs as a function of temperature (K).

TBPB:PTSA (1:1) [21] ChCl:PTSA (1:1) [22] TBAB:PTSA (1:1)

Temperature Density Temperature Density Temperature Density

303.15 1.1312 313.15 1.2012 333.15 1.1174
313.15 1.1245 318.15 1.1982 338.15 1.1122
323.15 1.1178 323.15 1.1951 343.15 1.1108
333.15 1.1111 328.15 1.192 348.15 1.1056

333.15 1.1890 353.15 1.1033

Table 4. Viscosity (mPa·s) of three DESs as a function of temperature (K).

TBPB:PTSA (1:1) [21] ChCl:PTSA (1:1) [22] TBAB:PTSA (1:1)

Temperature Viscosity Temperature Viscosity Temperature Viscosity

303.15 1425 313.15 229 333.15 423.1
313.15 690 318.15 170 338.15 295.7
323.15 350 323.15 129 343.15 207.1
333.15 185 328.15 99 348.15 154.5

333.15 77 353.15 109.3
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Feed solutions were prepared by gravimetrically measuring the required quantities of
each component using an analytical balance with a precision of ±0.0001 g. The feed was
then mixed with the DESs at a 1:1 mass ratio. The bottles were placed in an incubating
shaker, and initial screening experiments were conducted at 25 ◦C. Shaking was performed
for 2 h, followed by a settling period of approximately 6 h to ensure thermodynamic
equilibrium was reached. Samples were then collected from both the top and bottom layers
and analyzed by gas chromatography (GC).

2.2. Analysis

Aliquots from each phase were withdrawn using a microliter pipette and subsequently
diluted with diethyl ether prior to compositional analysis. The DES and raffinate phase
compositions were determined using a TRACE GC Ultra (Thermo Scientific, Logan, UT,
USA) equipped with an Rtx-1 column (30 m × 0.25 mm × 0.25 µm, Restek, Bellefonte,
PA, USA) and a flame ionization detector (FID). The column oven temperature was set to
308.2 K for 2 min. The additional operating conditions were as follows: FID temperature
set at 584 K, with a temperature ramp starting at 358.2 K and increasing at 10 K/min. The
injector temperature was also maintained at 584 K, and the carrier gas, helium, flowed
at 30 mL/min. An injection volume of 0.3 µL was used, with a split ratio of 16. Hexane
was used as the dilution solvent. To measure the composition, calibration curves were con-
structed. Naphthalene was selected as the internal standard and GC calibration curves for
heterocyclic aromatic compounds and naphthalene were performed (Figure S1). Samples
were injected three times and the average uncertainty in the reported molar compositions
was calculated to be ±0.005. To confirm the purity of synthesized DESs and their absence
in the top layer after extraction, pure DESs and samples from this layer were analyzed by
1H NMR spectroscopy using the JEOL RESONANCE spectrometer (ECX-500 II, Jeol, Tokyo,
Japan). Chloroform-d (Deuterochloroform, CDCl3) was employed as the solvent and the
1H NMR spectra were recorded at 297.15 K (Figures S2–S5).

The extraction efficiency (E%) of aromatic compounds was evaluated using Equation (1):

E% =

(
cinitial

aromatic − c f inal
aromatic

cinitial
aromatic

)
× 100% (1)

where cinitial
aromatic, and c f inal

aromatic are the initial, and final concentrations of aromatic compounds
in the raffinate phase, respectively.

3. Results
The performance of the DES was first tested with n-heptane as a model containing thio-

phene, DBT, pyridine, and carbazole, each separately. The results for extraction efficiency
are shown in Figure 1. All DESs demonstrated high efficiency for the removal of pyridine
and carbazole, with an average efficiency of 97%. This trend was also observed in our
previous work when quinoline, pyridine, and indoline were used as nitrogen compounds
with TBPB:PTSA and TBAB:PTSA [5,21]. This high extraction efficiency can be attributed
to the interaction between the acid functional group of PTSA and the nitrogen atoms of
pyridine and carbazole. When TBAB and TBPB were used with other HBDs, efficiencies
slightly decreased. However, for sulfur compounds, only moderate performance was
obtained, especially for ChCl-based DES. In general, sulfur compounds are more difficult
to extract from different fuel models. This poor performance was also observed in several
previous studies when ILs or DESs were used for the extraction of both sulfur and nitrogen
compounds. The weak interaction between low-polarity sulfur products and the charges
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present in ILs and DESs is suggested as an explanation for this phenomenon, since all the
DESs used in this study are composed of salt compounds.

Figure 1. Comparison of extraction efficiencies for TBPB:PTSA, ChCl:PTSA, and TBAB:PTSA in
removing sulfur and nitrogen compounds.

Regarding the nature of the HBA in each DES, the removal of thiophene and DBT is
enhanced when the HBA contains a long chain, which favors hydrophobic interactions
between the DES and sulfur compounds. Concerning the effect of the cation, the phos-
phonium cation significantly increases the extraction efficiencies for sulfur compounds
compared to the ammonium cation, especially for DBT, raising its removal from around
40% to 56%.

In order to improve the extraction performance of the systems used in this work, espe-
cially for sulfur compounds, several parameters were studied including time, temperature,
and weight ratio. For this purpose, n-heptane was selected as model fuel, while thiophene
and DBT were investigated separately as sulphur-containing contaminants.

Like other solvents, the viscosity of DESs decreases as temperature increases, promot-
ing efficient mass transfer and reducing settling time between the extracted phase and
the DES phase. The effect of temperature, within the range of 25 to 40 ◦C, on extraction
efficiency for the three DESs is presented in Figure 2. For all DESs and for both thiophene
and DBT, extraction efficiency increased with temperature, suggesting that reduced DES
viscosity improves extraction performance. The temperature was limited to 40 ◦C to avoid
the loss of thiophene due to its high volatility; therefore, this temperature was selected for
the remainder of this work. The best results were obtained with TBPB:PTSA DES, with
approximately 50% extraction efficiency for thiophene and 73% for DBT.

Figure 2a,b demonstrates that increasing the temperature from 25 ◦C to 40 ◦C enhances
the extractive desulfurization of both thiophene and DBT using the three PTSA-DESs. For
thiophene, extraction efficiency increased from 41.1% to 50.0% with (TBPB:PTSA), from
33.8% to 45.2% with (TBAB:PTSA), and from 17.4% to 27.4% with (ChCl:PTSA). Similarly,
for DBT, the removal efficiency improved from 56.1% to 73.2%, from 40.2% to 63.0%, and
from 26.3% to 36.9%, respectively. This enhancement is primarily due to decreased viscosity
and improved solute diffusion at higher temperatures, which facilitate mass transfer and
strengthen solute–solvent interactions. The phosphonium-based DES (TBPB:PTSA) consis-
tently exhibited superior performance compared to the other alternatives, likely due to its
higher hydrophobicity and lower viscosity, which improve its affinity for aromatic sulfur
compounds. Additionally, DBT exhibited higher extraction efficiencies than thiophene at all
temperatures, owing to its larger π-conjugated structure and greater polarizability, which
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enable stronger π–π and dispersion interactions with the DES components. These results
are consistent with previous studies on thermally enhanced extraction using hydrophobic
DESs and ionic liquids [23–25].

Figure 2. Effect of temperature on the extraction efficiency of (a) thiophene and (b) DBT using three
PTSA-based DESs. Vertical bars show uncertainty of triplicate means; the temperatures were read
with a thermometer with an error of ±1 ◦C.

Figure 3 shows the effect of contact time on the extraction of thiophene using
TBPB:PTSA (1:1) at 40 ◦C. The extraction efficiency increased slightly from 46.2% at 30 min
to a maximum of 48.8% at 90 min, after which it stabilized, indicating that phase equilib-
rium was reached within the first hour. The minimal change observed beyond 60–90 min
suggests that mass transfer between the hydrocarbon and DES phases occurs rapidly, aided
by the relatively low viscosity of the phosphonium-based DES at this temperature. This
behavior is typical of diffusion-controlled extraction systems, where solute transfer is ini-
tially governed by interfacial diffusion until equilibrium partitioning is achieved [26,27].
The rapid attainment of steady-state efficiency indicates effective phase miscibility and
stable interactions between solvent and solute, confirming that extending the extraction
duration does not improve removal efficiency and may increase the risk of back-extraction
or degradation of the DESs [28,29]. Therefore, a contact time of 60 min is considered optimal
for the effective extraction of thiophene under these conditions.

Figure 3. Effect of contact time on the extraction efficiency of thiophene using TBPB:PTSA.

Figure 4 presents the effect of the TBPB:PTSA (1:1) DES-to-fuel weight ratio on the
extraction efficiency of thiophene and DBT at 40 ◦C. Increasing the ratio from 1:1 to 4:1
significantly enhanced the extraction performance, with thiophene efficiency rising from
46.1% to 76.7% and DBT from 72.5% to 84.4%. This improvement results from the greater
availability of active extraction sites and an expanded interfacial area between the phases,
which facilitates solute transfer [30]. However, the increase in efficiency becomes less
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pronounced beyond a 3:1 ratio, indication that the system approaches equilibrium and
that further solvent addition results in diminishing returns [23]. Therefore, a 3:1 ratio was
selected as the optimal compromise, since the efficiency gain by increasing the ratio from
3:1 to 1:4 was not significant, rising only from 74% to 76.7% for thiophene and from 83% to
84.4% for DBT. The higher extraction of DBT compared to thiophene across all ratios again
reflects its stronger π–π and dispersion interactions with the aromatic PTSA moiety [31].
Hence, a 3:1 weight ratio offers an optimal balance between high extraction efficiency and
minimal solvent usage.

Figure 4. Effect of the DES:simulated fuel mass ratio on the extraction efficiency of thiophene and
DBT using TBPB:PTSA. Vertical bars show uncertainty of triplicate means; the quantities of DESs and
the fuel models were weighed using a balance with an error of ±0.1 mg.

Figure 5 presents a comparative analysis of the extraction performance of TBPB:PTSA
(1:1) across three distinct fuel matrices: basic fuel, simulated diesel, and simulated gasoline.
This evaluation was conducted under optimized conditions, specifically a 3:1 DES/fuel
ratio, a temperature of 40 ◦C, and a duration of 60 min. The DES exhibited high extraction
efficiencies for all compounds, indicating its robustness and tolerance to matrix variations.
The removal efficiency for sulfur species showed that thiophene extraction ranged from
72.3% to 80.1%, while dibenzothiophene (DBT) extraction ranged from 81.3% to 85.8%. In
contrast, nitrogen compounds exhibited near-total extraction, with pyridine exceeding 96%
and carbazole surpassing 99% across all matrices.

Figure 5. Effect of different fuel matrices on the simultaneous extraction efficiency of sulfur and
nitrogen compounds using TBPB:PTSA.

https://doi.org/10.3390/separations13040122
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The effect of the matrix on desulfurization is complex; for instance, the simulated diesel
phase resulted in the highest extraction for thiophene (around 80.1%) but the lowest for
DBT (around 81.3%). This suggests that the interactions between the sulfur aromatics and
the different fuel components (e.g., aliphatics vs. aromatics) are nuanced and compound-
specific [32]. The consistently high denitrogenation performance, however, underscores
the significant influence of acid–base protonation facilitated by PTSA, which remains
largely unaffected by matrix composition [33]. The generally high efficiency observed in
hydrocarbon-rich gasoline indicates that lighter aliphatic components exert limited inter-
ference on the primary extraction mechanisms, affirming that TBPB:PTSA demonstrates
exceptional selectivity and extraction capacity across diverse fuel types. The results show
that PTSA-based hydrophobic DESs can effectively achieve simultaneous denitrogenation
and desulfurization (EDN–EDS) under mild conditions [33]. These DESs exhibit superior
performance compared to many conventional ionic liquids and have significant potential
for applications in real fuels.

Figure 6 shows the reusability performance of TBPB:PTSA (1:1) in extracting thio-
phene, DBT, pyridine, and carbazole at 40 ◦C and a DES/fuel ratio of 3:13:13:1. The DES
consistently achieved high and stable extraction efficiencies for nitrogen compounds over
four consecutive cycles, with pyridine and carbazole removal rates exceeding 99%. This
result confirms the robust and reversible acid–base interaction mechanism between PTSA
and the nitrogen sites [17]. A gradual decline in sulfur compound extraction was observed:
thiophene efficiency decreased from 72.3% to 64.4%, and DBT efficiency decreased from
85.8% to 52.8% after three reuse cycles. This decline can be attributed to partial saturation
of the DES by retained sulfur species, minor solvent losses during phase separation, and
a potential reduction in the integrity of the hydrogen-bond network within the reused
DES [23]. Nonetheless, the DES maintained a significant extraction capacity, demonstrat-
ing commendable operational stability and recyclability without any purification process.
Similar trends have been observed for hydrophobic DESs and ionic liquids, where denitro-
genation remains largely unchanged while desulfurization experiences a slight reduction
due to solute accumulation. In summary, TBPB:PTSA demonstrates superior reusability
for EDN and satisfactory durability for EDS, indicating its viability for sustainable and
cost-efficient fuel purification.

Figure 6. Reusability of the TBPB:PTSA (1:1) DES for the concurrent extraction of nitrogen and
sulfur compounds.

Figure 7 shows the multi-stage extraction performance of TBPB:PTSA (1:1) at 40 ◦C and
a 3:13:1 DES/fuel ratio for removing thiophene, DBT, pyridine, and carbazole from a simu-
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lated gasoline matrix. The concentration of heteroatoms (N or S) in the fuel phase decreases
significantly with each extraction cycle, confirming the high efficiency and regenerability
of the DES. After the first stage, the residual sulfur concentration in the raffinate dropped
to 27.7% for thiophene and 14.2% for dibenzothiophene (DBT), while nitrogen compounds
were almost completely removed, registering below 0.5%. Two consecutive cycles reduced
sulfur residues to less than 2%, resulting in an overall removal efficiency above 98%. This
rapid decline demonstrates that multiple short extraction stages are more effective than
a single prolonged contact period, as introducing fresh DES in each cycle maintains ex-
traction capacity and limits solute saturation. The near-complete removal of pyridine and
carbazole after the first extraction further supports the predominant acid–base protonation
mechanism of PTSA with nitrogen heterocycles, which is stronger and more selective than
the noncovalent interactions governing sulfur extraction [34]. The slight plateau observed
for thiophene and DBT after the third cycle suggests an equilibrium limitation due to
trace hydrophobic residues, consistent with previous findings on phosphonium-based
DESs in sequential extraction and desorption processes [35]. These results indicate that
TBPB:PTSA achieves complete denitrogenation and over 99% desulfurization after four
straightforward extraction cycles, confirming its potential for efficient, recyclable, and envi-
ronmentally friendly fuel purification. Finally, the possible contamination of the fuel phases
by DES after pollutant extraction was examined by 1H NMR. These analyses showed the
absence of DES in the fuel after contact, confirming the effectiveness and cleanliness of the
extraction procedure.

Figure 7. Effect of multi-stage extraction on the extraction of sulfur and nitrogen compounds from
simulated gasoline using TBPB:PTSA (1:1).

4. Conclusions
This study demonstrates that p-toluenesulfonic acid-based deep eutectic solvents,

specifically the phosphonium system TBPB:PTSA, are highly efficient and reusable solvents
for extracting both nitrogen-containing and sulfur-containing compounds from model and
simulated fuels. Specifically, TBPB:PTSA achieved a removal efficiency exceeding 96%
for nitrogen compounds and up to 85% for sulfur compounds at 40 ◦C. Additionally, a
3:13:1 ratio of DES to fuel provided the optimal balance between solvent economy and
extraction efficiency. The pronounced Brønsted acidity of PTSA enables near-complete
denitrogenation by protonating basic heterocycles, while the hydrophobic cations promote
sulfur removal through synergistic π–π interactions and dispersion forces. Optimizing tem-
perature and solvent-to-fuel ratio resulted in decreased viscosity, enhanced mass transfer,
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and improved solvent efficiency, achieving over 95% overall heteroatom removal under
mild conditions. The TBPB:PTSA DES achieved nearly quantitative nitrogen removal
and satisfactory sulfur extraction after three reuse cycles, while multistage operation en-
abled complete purification within four extraction steps. The TBPB:PTSA DES exhibited
significant selectivity and phase stability across various fuel matrices, and its regenera-
tion performance demonstrated exceptional operational durability. Analysis by 1H NMR
confirmed the absence of DES components in the raffinate phase, validating the immis-
cibility and phase integrity of the solvent after extraction. These findings highlight the
effectiveness of TBPB:PTSA as a solvent for sustainable, low-energy fuel purification, com-
bining principles of molecular design, green chemistry, and process intensification for
post-hydrotreating applications.
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