Green Separation of Refractory Sulfur and Nitrogen Compounds Using
Betaine/Ethylene Glycol and Betaine/Glycerol Deep Eutectic Solvents

Abstract

Removing aromatic hydrocarbons and heterocyclic compounds from liquid fuels is
imperative to comply with increasingly stringent environmental regulations. This
study evaluates the efficacy of two betaine-based deep eutectic solvents (DESs)
betaine/ethylene glycol (BEG) and betaine/glycerol (BG) for the “simultaneous
extractive separation of pyridine, thiophene, and toluene fiom “n-heptane. A
comprehensive experimental matrix of 1° runs was eXecuted to determine
distribution coefficients and selectivity. Statistical analy8is demonstrated that the
BEG-based system yields a significantly higher extraetion capacity than its BG
counterpart, a behavior attributed to its lower viscositysandjintensified mass transfer
kinetics. However, a pronounced capacity-selectivitytradé-off was identified in the
pyridine—BEG system, where elevated extraction capacities coincided with
diminished selectivity due to enhanced, n-heptane co-solubility. The separation
efficiency followed the decreasing otder of\pyridine > thiophene > toluene, dictated
by specific hydrogen-bonding and acidsbase interactions. Ultimately, these insights
establish a robust framework fogtailoring DES selection relative to the target solute
and achieving the optimal balance between solute removal and fuel purity.

Keywords: Deep EutecticSolyents; Betaine; Fuel Desulfurization; Solvent
Extraction; Green Chemistty.

V. Introduction

Driven by thé global transition toward cleaner energy, there is an escalating demand
for ultra-low sulfur and nitrogen fuels to curb environmental pollution. Stringent
regulatory \frameworks, including the Euro VI standards, strictly mandate the
minimizatien of sulfur oxides (SOx) and nitrogen oxides (NOx) emissions critical
precursors to acid rain, photochemical smog, and severe respiratory illnesses [']. In
the petrochemical industry, removing aromatic hydrocarbons and heterocyclic
compounds from liquid fuels represents a critical refining stage. Among various
technologies, solvent extraction has emerged as a highly efficient and versatile
alternative to conventional catalytic hydrodesulfurization (HDS) and oxidative
desulfurization (ODS). Specifically, it demonstrates superior efficacy in isolating
refractory sulfur compounds like thiophene—which resist traditional HDS—while



remaining more cost-effective than ODS processes [Y]. In contrast to HDS, which
necessitates high temperatures and pressures, solvent extraction operates under
ambient or mild conditions while exhibiting superior selectivity toward specific [Y].

Traditionally, polar organic solvents, such as N-methyl-Y-pyrrolidone (NMP) and
dimethylformamide (DMF), have been widely deployed for this purpose.
Nevertheless, these conventional media suffer from critical drawbacks, including
high volatility, toxicity, and flammability. Furthermore, their elevated boiling points
necessitate intensive energy consumption during solvent recovery [ ¢ ]{Fusthermore,
their environmental impact and safety hazards have prompted the seareh for green,
sustainable, and non-toxic alternatives [°]. Deep Eutectic Solventsiy(DESs) have
emerged as promising green alternatives. DESs are typically prepared by
complexing a hydrogen bond acceptor (HBA) with a hydrogen,bond donor (HBD)
at specific molar ratios. This interaction yields a eutecticumixtute characterized by a
melting point significantly depressed compared to_its constituent components [ 1, V].

DESs exhibit distinctive advantages over conventional ionic liquids and volatile
organic solvents, most notably cost-effectiveness, synthetic simplicity, inherent
biodegradability, and tailorable physicocheémical’ properties. Among the diverse
array of HBAs, betaine has emerged, as,an exceptionally compelling candidate,
owing to its negligible toxicity,yrobustithermal stability, and superior solvation
capacity toward polar and aromatic'species [A, 4]. The tunability of DESs enables
precise customization of DESs ‘physicochemical properties, achieved either by
modulating the HBA-tofHBD molar ratio or incorporating structurally diverse
HBDs, such as ethylene, glyicol (EG) or glycerol [)+]. Recent studies demonstrate
that the selection_of‘the HBD profoundly influences the viscosity, polarity, and
hydrogen-bonding metwork of the resulting DES, thereby directly modulating its
extraction efficiency.4or instance, EG-based DESs typically exhibit lower intrinsic
viscositie§ thanytheir glycerol-based counterparts, a characteristic that mitigates
transpoit resistance and accelerates mass transfer kinetics ['), )Y]. Betaine was
selectedasthe HBA over the more commonly investigated choline chloride because
it avoids the corrosivity and hygroscopicity concerns associated with chloride-
containing DESs while retaining comparable hydrogen-bond-accepting capacity [A,
1]. Ethylene glycol and glycerol were chosen as a matched HBD pair because they
are structurally similar, differing by only a single hydroxyl group, yet reproducibly
generate a documented viscosity and density contrast, with EG-based betaine DESs
consistently reported as less viscous and less dense than their glycerol-based
counterparts [YY]. This structural similarity isolates the effect of hydroxyl-group



density and viscosity on extraction performance while minimizing the confounding
variables that would arise from comparing chemically dissimilar HBDs such as
propylene glycol or ionic liquid-type acceptors.

Despite the potential of DESs, separating specific fuel impurities remains
challenging due to the complex interplay between solute—solvent interactions and
solvent physical properties. To systematically study these separations, thiophene,
toluene, and pyridine are widely utilized as key model contaminants. Specifically,
thiophene serves as a refractory sulfur compound resilient to fcomventional
hydrodesulfurization [)Y]; toluene represents a benchmark aromatic hydrocarbon;
and pyridine acts as a nitrogenous heterocycle known to péison “eatalysts and
contribute to NOx emissions [Y£, Y°]. The extractive separation ‘of these species
from n-heptane relies on specific molecular interactions stich as hydrogen bonding,
pi-pi stacking, and dipole—induced dipole forces which vary significantly across the
solutes. Furthermore, recent molecular dynamics_simulations have confirmed that
the density of the hydrogen-bonding network within the DES plays a pivotal role in
discriminating among these distinct solutes [ ]

Moreover, the capacity—selectivityy,trade-off tepresents a pivotal challenge in
extractive separation processes. While®high extraction capacity is desirable to
maximize process throughput, high seleetivity is imperative to guarantee product
purity. Recent literature underscoresithat the viscosity and fractional free volume of
DESs profoundly dictate thisytrade-off; specifically, low-viscosity alternatives
typically enhance solutesiptake but compromise selectivity due to the enhanced co-
solubility of the hydroeearben diluent [V, YA]. To address this, the present study
rigorously evaluates the performance of two betaine-based DESs betaine/ethylene
glycol (BEG) and betaine/glycerol (BG) for extraction of pyridine, thiophene, and
toluene from m-heptane. By systematically investigating distribution coefficients and
selectivity across a " °-run experimental matrix, this work elucidates the coupled
effectsn,of "DES formulation, solute functionality, and the inherent capacity—
selectiyity eempromise, ultimately establishing a robust framework for optimizing
DES-mediated separation systems. Although betaine-based DESs incorporating
ethylene glycol or glycerol have previously been examined for gasoline purification
using multi-component fuel matrices and single-condition extraction measurements
[YY], the specific combination of a single-hydrocarbon (n-heptane) matrix with a
statistically designed 7°-run experimental matrix, rigorous ANOVA-based
validation, and an explicit, quantitative mapping of the capacity-selectivity trade-off
has not, to the best of our knowledge, been previously reported. This gap is



particularly evident for the pyridine-BEG pair, whose systematic inverse capacity-
selectivity relationship has not been previously identified or mechanistically
rationalized in the betaine-DES literature. We therefore hypothesize that the
comparatively lower viscosity of the ethylene glycol-based DES enhances solute
uptake at the expense of n-heptane rejection, producing a solute-specific trade-off
that is largely absent in the more viscous glycerol-based system. The present work
addresses this gap by systematically mapping this trade-off acrossga broad
experimental space and establishing statistically validated, quantitative, criteria for
DES selection based on the target solute and the separation objéctive (capacity vs.
selectivity).

Y. Results and Discussion
Y, ). Statistical Validation of Extraction Performance

The extractive performance of the betaine-based DESswvas systematically evaluated
for the separation of pyridine (Py), thiophene (Th),“and*toluene (Tol) from an n-
heptane matrix representing the model fueld The ‘subsequent parametric analysis
rigorously investigated the distribution coetficientsybeta) and separation selectivity
generated across a comprehensive mateix of V8, valid experimental runs [Y4].

The dataset in Table ) (n=1°)"showedya mean beta of +,A® +),+¢ and a mean
selectivity of Y+),1¢ + ¢Y1,A¥. The wide range of selectivity (up to Y3eV,YV)
highlights the system's potential, for high-purity separation of aromatics and
heterocycles from n-Heptan€ under optimized conditions, particularly when
avoiding the high-capaeity/low-selectivity of Pyridine in BEG.

Table V. Descriptive, statistics of data set.

Parameter (Mean Std.  Min. Yoth Median Yoth Max.
Dev. Percentile  (°+7%) Percentile
beta n,AO \,no Ve n,.\/ ~)Y~ \,/\T Y‘,VY

selectivity, Y+),1¢ EYT,AY Y, AL &y, YoY,AY YY4,0A YaoV,YV

ANOVA results indicated a statistically significant difference in the distribution
coefficient (beta) between the two DES systems (F =V,+«£, p < +,++)). Post-hoc
Tukey’s test revealed that the BEG system achieved significantly higher beta values
compared to the BG system (mean difference = +,3Y, p < +,++)). The superior
performance of BEG is primarily attributed to its lower viscosity and higher fluidity
compared to the glycerol-based BG system. Ethylene glycol, possessing fewer



hydroxyl groups than glycerol, forms a less dense and more dynamic hydrogen-
bonding network. This structural difference reduces the energy barrier for molecular
diffusion, facilitating faster mass transfer kinetics and allowing solute molecules to
penetrate the DES phase more readily. Furthermore, the wider Interquartile Range
(IQR) observed for BEG indicates a higher sensitivity to experimental conditions.
This suggests that while the BEG system offers greater potential for high extraction
efficiency due to its fluid nature, its performance is more variable. In ¢entrast, the
BG system, with its higher viscosity and stronger, more rigid internal hydrogen
bonding, provides a more stable but less efficient extraction envitonfaent,‘acting as
a viscous barrier that slows down mass transfer but ensures consitent performance.
This interpretation is consistent with directly measured physicochemieal data
reported in the literature for structurally analogous betaine-based, DESs, in which
ethylene glycol-based systems exhibit systematically lowersdensity and viscosity
than their glycerol-based counterparts [YY]. It should bewnoted, however, that the
DES batches used in the present extraction experiments.were not independently
characterized by viscometry or spectroscopic teechniguessuch as FTIR; the viscosity-
and hydrogen-bonding-based rationale is‘therefore inferred from these established
literature trends rather than from directymeasurements on the present samples.
Dedicated physicochemical characterizatien,of the BEG and BG systems used here
1s recommended as a priority for future work to further substantiate this mechanistic
picture.

Effect of Solute Nature: Pytidine (Py) vs. Thiophene (Th) vs. Toluene (Tol). The
nature of the solute significantlysififluenced extraction performance (p< +,++V). The

boxplot analysis of S¢lectivity(S) (Figure ¢) revealed a clear hierarchy in separation
efficiency: PyridinéyPy).> Thiophene (Th) > Toluene (Tol).

Pyridine (Py): Exhibited the highest median Selectivity and the largest IQR. This
indicates that Pyridine is separated most efficiently from n-Heptane, but with high
variability depending on the DES type and conditions. Thiophene (Th): Showed an
intermediate,median Selectivity and moderate variability. Toluene (Tol): Displayed
the lowest median Selectivity and the narrowest IQR, indicating consistent but lower
separation efficiency.

The exceptionally high selectivity for Pyridine is driven by strong specific
interactions, primarily hydrogen bonding and acid-base interactions. Pyridine acts
as a Lewis base (due to the lone pair on the nitrogen atom), which can form strong
hydrogen bonds with the acidic protons of the hydroxyl groups in the HBD (ethylene



glycol or glycerol) and interact electrostatically with the Betaine cation. The large
IQR for Pyridine implies that these specific interactions are highly sensitive to the
micro-structure and viscosity of the DES; in the more fluid BEG, these interactions
are maximized, leading to peak performance, but they are also more susceptible to
fluctuations.

In contrast, the lower and more consistent selectivity for Toluene suggests that
separation is driven by weaker, non-specific hydrophobic interactions (London
dispersion forces) and pi-pi stacking between the aromatic rings,of toluene ‘and the
DES components. These forces are less sensitive to the DES structurey resulting in
the narrow IQR. Thiophene exhibits intermediate behavior due t0 the¥polarizability
of the sulfur atom, which allows for slightly stronger dipolesinduced dipole
interactions than Toluene, but lacks the strong basicity of{Pyridine.

¥, Y. Selectivity Analysis and the Capacity-Selectivity

Selectivity (S) is defined here as the ratio, of thevdistribution coefficient (B) of the
solute to that of the n-Heptane according to equations:
W.RES
B =%

- HC
WYLH

S x e
l [/ViDES X WnI—II-IC

where w is the mass fraction, the superscripts DES and HC correspond to the DES-
rich phase and the nsheptane phase, and the subscripts i from ) and ¥ represent the
extracted comipounds (toluene, thiophene, or pyridine) and nH represent n-heptane
component.

The “analysisushowed that Pyridine generally exhibited higher selectivity values
compatéd to'Thiophene and Toluene (consistent with Figure ¢). However, a critical
observation emerges from the correlation between beta and selectivity (Figure ©).
For most solute-DES combinations (including Thiophene and Toluene with both
DESs, and Pyridine with BG), there is a positive correlation between beta and S.
This indicates that as the extraction capacity for the solute increases, the system's
ability to reject n-Heptane also improves. This suggests that the driving forces for
solute solubility and solvent rejection are aligned in these systems. However, a
distinct and systematic negative correlation is observed for the Pyridine-BEG



system. In this case, as beta increases, selectivity monotonically decreases across the
entire dataset for this specific pair. This inverse relationship signifies a fundamental
capacity-selectivity trade-off. The high solvating power and low viscosity of the
BEG system lead to the rapid and extensive extraction of Pyridine. However, this
aggressive solvation also significantly increases the solubility of n-Heptane in the
DES phase. The fluid nature of BEG allows n-Heptane molecules to penetrate the
DES matrix more easily, disrupting the hydrogen-bonding network and,increasing
the mutual solubility of the phases. Consequently, while the DES extracts,a large
amount of Pyridine (high beta), it also co-extracts a significant @mount of the
hydrocarbon solvent, thereby reducing the relative selectivity.

In contrast, for other solutes (Th and Tol) and the BG systemj the extraction process
remains selective. The stronger hydrogen-bonding network i, BG or the weaker
interactions with Th/Tol prevent significant n-Heptane solubility, allowing both high
capacity and high selectivity to be achieved simultaneously:
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Figure ) : Histogram of Distribution Coefficient (beta)

The histogram of beta values (Figure V) reveals a right-skewed distribution, with a
concentration of data points at lower beta values and a long tail extending towards
higher values. This skewness is primarily driven by the high extraction efficiency of
Pyridine, which frequently reaches beta values significantly above the mean. The



distribution confirms that while most extraction events result in moderate capacity,
the system has the potential for very high capacity under specific conditions
(particularly with BEG and Pyridine). The absence of a symmetric bell curve
suggests that the extraction process is not uniform across all solutes and is heavily
influenced by the specific chemical nature of the solute.
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Figure Y: Histogram of Selectivity

The selectivity distribution {Figure_Y) is highly skewed to the right, with a mean
value of ~¥++ but a maximym yalue exceeding Y%+ +. This indicates that under
optimal conditions, the,DES systems can achieve exceptional separation factors,
effectively rejecting ‘m-Heptane while extracting the target solutes. The long tail
towards high S{ values¥is largely contributed by the Thiophene and Toluene
extractions, (Whereythe DES demonstrates strong discrimination against the
hydrocarbon soelvent. The presence of low S values (near the origin) corresponds to
the Pysidine-BEG cases where high capacity comes at the cost of selectivity, as
discussed myFigure °.



Comparison of Beta by DES Type
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The plot in Figure ¥ clearly distinguishes the pe f the two DES systems.
The BEG system exhibits a higher median b ignificantly larger box (IQR)
compared to BG.

Higher Median Confirms that the lo
transfer, leading to better average extraction capacity. Larger IQR: Indicates that
BEG is more sensitive to expe al variations (e.g., temperature, mixing time).
The wider spread suggests an achieve very high beta values but also has
a higher probability of [oWwerperformance in suboptimal conditions compared to the
more stable BG syste 1g1d hydrogen-bonding network of glycerol in BG acts
as a buffer, limiti ximum capacity but ensuring consistency, whereas the
w< ;é gr

of ethylene glycol enhances mass

fluid BEG allo er variability and higher peak performance.
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Comparison of Selectivity by Solute Type
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Figure ¢ clearly shows the hierarchy in selectivityi Pyridine (Py) > Thiophene (Th)
> Toluene (Tol). Pyridine has the hig an and the largest box (IQR),

indicating both the highest average vity and the greatest variability. This
variability is likely due to the ecific interactions (H-bonding) between
Pyridine and the DES, which ¢ ighly sensitive to the DES structure [Y+, Y)].
Thiophene has an intermedi dian“and IQR. Toluene has the lowest median and
the smallest box, indicati %st consistent but lowest selectivity. This suggests
that non-polar hydrog separated primarily through weaker, non-specific
interactions, makiné % harder to distinguish from n-Heptane.




Correlation between Beta and Selectivity
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Figure ©: Correlation between Distribution Coefficient (beta) and Selectivity.

The scatter plot in Figure © of selectivity versus beta reveals two distinct behavioral
regimes regarding the separation of solutes, from n-Heptane:

For the majority of data points (@n€luding Thiophene and Toluene with both DESs,
and Pyridine with BG), there.is apositive correlation between beta and selectivity.
This indicates that as t¢he extraction capacity for the target solute increases, the
system's ability to reject n-Heptane also improves. This suggests that the driving
forces for solute solubility and solvent rejection are aligned in these systems. A
notable deviation ffom*this trend is observed for the entire dataset of the Pyridine-
BEG combination{ Insthis,specific case, data points exhibit a consistent inverse
relationship: ‘as beta increases, selectivity decreases. This signifies a trade-off
between capacity and selectivity. The high solvating power and low viscosity of the
BEG'system 1ead to the rapid and extensive extraction of Pyridine; however, this
aggressive solvation also increases the solubility of n-Heptane in the DES phase

[YY]. Consequently, while the DES extracts a large amount of Pyridine, it also co-
extracts a significant amount of the hydrocarbon solvent, thereby reducing the
relative selectivity. To contextualize these findings, it is useful to compare the
present f and S values with those reported for structurally related betaine-based DES
systems. In liquid-liquid equilibrium studies of betaine/propylene glycol (B-PG,
molar ratios ):¢ and ):°) with n-heptane, pyridine, and thiophene, reported



distribution ratios ranged from Y,A-£,¢ for pyridine and below *,7 for thiophene
[Y £], values that fall broadly within, or below, the range obtained in the present work
(mean = +,A° up to Y,VY). Meanwhile, the selectivities recorded here (up to
approximately Y4°V) considerably exceed the values typically reported for related
betaine-based DES systems, underscoring the competitiveness of the BEG and BG
systems investigated in this study, particularly for high-purity separations. This
comparison indicates that, despite distribution coefficients of a broadly €omparable
order of magnitude to some literature DES formulations, .the % present
betaine/ethylene glycol and betaine/glycerol systems achieve a markedly favorable
selectivity profile relative to previously reported betaine-based @xtractants for the
same class of solutes.

This analysis suggests that while BEG is superior for maxifmizing extraction capacity
(especially for Pyridine), it may compromise selectivity at high loadings due to
increased hydrocarbon solubility. Conversely, the BG,system or the extraction of
Thiophene/Toluene with BEG offers a better balanceymaintaining high selectivity
even as capacity increases. Therefore, the,choice'of DES and solute should be guided
by whether the primary goal is maximmun temoval (capacity) or high purity
(selectivity).

Y. Conclusion

This study demonstratesdhat@Betaine-based Deep Eutectic Solvents (DES) offer a
tunable platform for separating aromatics and heterocycles from n-Heptane, with
performance heavily“dependent on the Hydrogen Bond Donor (HBD) and solute
nature.

V. Viscosity-Driven Capacity: The BEG system outperforms BG in extraction
capacity beta due to lower viscosity and enhanced mass transfer kinetics,
thoughuit exhibits higher variability.

Y. Selectivity Hierarchy: Separation efficiency follows the order Pyridine>
Thiophene>Toluene, driven by the strength of specific interactions (e.g.,
Lewis acid-base for Pyridine) versus non-specific forces.

Y. Critical Trade-off: A distinct capacity-selectivity trade-off exists exclusively
in the Pyridine-BEG system. The high fluidity of BEG facilitates rapid
Pyridine extraction but simultaneously increases n-Heptane co-solubility,
leading to a systematic decrease in selectivity as capacity rises.



¢, Strategic Implication: While BEG is optimal for maximizing removal
efficiency, BG or the extraction of Thiophene/Toluene with BEG is preferred
when high purity (selectivity) is the priority. Thus, DES selection must
balance the competing demands of capacity and selectivity based on the target
solute.

Limitations and Future Work: The mechanistic interpretations proposed here rely on
statistically validated distribution and selectivity trends together withiliterature-
reported physicochemical data for structurally related betaine-based(DESs)rather
than on direct viscosity or spectroscopic (e.g., FTIR) characterization of the specific
BEG and BG batches used in this study. Future work should thefeforeinclude direct
viscosity, density, and FTIR measurements of these DES systems, alongside
characterization of the DES-rich phase after extraction, to further substantiate the
proposed hydrogen-bonding and viscosity-based mechanisms.

Nomenclature list

DES Deep Eutectic Solvent
BEG Betaine/Ethylene Glycol
BG Betaine/Glycerol

HBA Hydrogen Bond Aéceptor
HBD Hydrogen Bond Donot

B (beta) Distributien Ceefficient

S Seleetivity:
Py Pyridine
Th Thiephene
Tol Toluene

n-Heptane Model fuel solvent

HDS Hydrodesulfurization
ODS Oxidative Desulfurization
NMP N-methyl-Y-pyrrolidone

DMF Dimethylformamide



IQR Interquartile Range
ANOVA  Analysis of Variance
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