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Abstract

Separation of sulfur-containing compounds from fuel remains one of Received: 21 January 2025
the major challenges in crude oil refining processes. Extractive Accepted: 29 July 2025
desulfurization using deep eutectic solvents (DES) has gained Page Number: 41-52

the attention of researchers as an effective method for removing these
compounds from fuel. In this study, binary interaction parameters of
the Non-Random Two-Liquid (NRTL) model were estimated using
equilibrium solubility data of dibenzothiophene in the model fuel and
the eutectic solvent (choline chloride and diethylene glycol), applying
the Particle Swarm Optimization (PSO) algorithm. Subsequently,
the developed thermodynamic model was employed to predict
the extractive desulfurization performance. Modeling results indicate that
the separation efficiency increases at lower temperatures and with
a higher solvent-to-fuel ratio. Specifically, at 20°C, increasing
the solvent ratio from 0.1 to 3 led to an increase in DBT removal from
1.9% to 37%, while at 60 °C, the efficiency increased from 1.7% to 34%.
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Table 1. Comparison of desulfurization methods [6].

HDS ADS OoDS
Reaction with Oxidation of
hydrogen to convert ~ Adsorption of sulfur sulfur compounds
Mechanism sulfur compounds compounds onto via chemical
to H.S, then adsorbent. reaction and their
separation it. separation.
Requires high .
b N Adsorbent saturation Need for
temperature and . .
. over time and need chemicals and
pressure, ex pensive . .
s regeneration, requires other
Limitations catalysts needed, .
. . requires adsorbents methods to
Low efficiency in . .
. with high surface separate oxidized
removing heavy ..
area, Low selectivity. compounds.
sulfur compounds.
Equi ‘ Requires reactor
uipmen . .
qu d Requires reactor Adsorbent surface and Separation-
se .
related equipment
Increases
. High for light sulfur .
Efficiency £ : Adsorbent-dependent  efficiency of other
compounds
methods

BDS

Decomposition of sulfur
compounds by
microorganisms.

Extremely slow reaction
rates, Sensitive
Microorganisms, High cost
of culture media for
microorganism growth and
maintenance, Challenges in
scaling up for industrial
applications.

Specialized bioreactors

cannot achieve deep
desulfurization

EDS

Extraction of sulfur
compounds using
solvents.

solvent regeneration
and the unwanted
dissolution of
desirable
hydrocarbon
compounds from the
fuel.

Extraction column
and solvent
regeneration

equipment

Relatively high after
several separation
stages (solvent-
dependent)

1. Hydrodesulfurization (HDS)
3. Oxidative Desulfurization (ODS)
5. Extractive Desulfurization (EDS)

2. Adsorptive desulfurization (ADS)
4. Bio-Desulfurization (BDS)
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6. Conductor-Like Screening Model for Real Solvents
7. Nonrandom Two-Liquid (NRTL)

1. Organic Solvent

2. lonic Liquids Solvent

3. Deep Eutectic Solvent

4. Hydrogen Bond Acceptor
5. Hydrogen Bond Donor
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Table 2. Parameters used in Equations (2) and (3) [20].

Parameter Description Unit Value
Enthalpy of i _
AHj,, fusizz jmole™! 21600
T, Triple point K 3718
temperature
iqui : X
Cr, Liquid beat j mole=1K-1 0.6709 X T
capacity —-54
i 0.4215x T
Co, Solid h.eat Jril
capacity +123.8
R Universal gas j mole=1K-1 8314
constant
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1. Particle Swarm Optimization (PSO)
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Table 3. List of chemicals and their specifications.

Chemical formula CAS Purity (%)

n-Heptane C;Hy¢ 142-82-5 >99 CARLO ERBA, French
Choline chloride CsH1,NO.Cl 67-48-1 > 98 CDH, India
Diethylene glycol C,H,,03 111-46-6 >99 DAE JUNG, South Korea
Dibenzothiophene Ci,HgS 132-65-0 >98 Merck, Germany
1. Percent Average Relative Deviation (ARD%) 2. Oven
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Figure 1. Preparation of deep eutectic solvent from choline chloride and diethylene glycol using heating method.
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Table 4. The property of deep eutectic solvent.

Molar composition

Molecular Viscosity @

Density @ 20°C

(HBA: HBD)

Choline chloride: Diethylene glycol 1:2

20°C
92.62

weight (g/mol)

114.49 1.122
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Figure 2. Equipment used for the solubility test of
dibenzothiophene.
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Figure 3. Solubility of dibenzothiophene in heptane at different temperature.
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Figure 4. Solubility of dibenzothiophene in deep eutectic solvent at different temperature.
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Figure 5. ARD% curve for estimated NRTL parameters by using the PSO (a) for DBT-Heptane system, and (b) for DBT-DES system.
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Table 5. Binary interaction parameters of NRTL model obtained from PSO algorithm.

Component i Heptane

Component j DBT DES DBT Heptane
a;; 4.3290083 19.097265 -3.6577186 10.304944
b;; -294.12404 5607.6436 1498.471 -2884.666
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Figure 6. Comparison between experimental and model-predicted equilibrium concentrations of dibenzothiophene
in the heptane phase during extractive desulfurization.
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