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Abstract Deep eutectic solvents (DESs), derived
from natural and biodegradable resources, are prom-
ising alternatives to organic and ionic solvents. In
this study, Thymol-Menthol-based deep eutectic
solvents (T:M) were prepared, with Thymol serving
as the hydrogen bond donor (HBD) and Menthol as
the hydrogen bond acceptor (HBA) in various molar
ratios (1:1, 1:2, 1:3, 1:4, 2:1, 3:1, and 4:1). Fourier
Transform Infrared Spectroscopy (FTIR) confirmed
the formation of intermolecular interactions, such as
hydrogen bonds, between the precursors. 'H and *C
Nuclear Magnetic Resonance (NMR) analyses vali-
dated the molecular structure of the solvents, while
Thermogravimetric Analysis (TGA) demonstrated
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their thermal stability, with decomposition occur-
ring at temperatures above 150 °C. For Rhodamine
B (RB) remediation, the proposed DESs exhibited
a shorter extraction time (10 min) and minimal sol-
vent volume requirement (400 uL) compared to tra-
ditional organic solvents. COSMO-RS (Conductor-
like Screening Model for Real Solvents) simulations
revealed that the DESs possess a strong affinity
for non-polar, hydrogen-bond-donating, and hydro-
gen-bond-accepting molecules, confirming their
exceptional extraction efficiency for RB, primar-
ily driven by hydrophobic interactions and hydro-
gen bonding. The studied DESs achieved high
removal efficiencies (70-98%) for multiple textile
dyes, including Methylene Blue (MB), Crystal Vio-
let (CV), and Safranin (SR). Notably, phytotoxicity
assessments indicated no adverse effects on Pisum
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sativum (pea) seed germination at low concentrations.
The EcoScale score tool also verified that the solvent
synthesis process is both environmentally benign and
worker-safe. These findings underscore the potential
of studied DESs as sustainable, high-performance
extractants for the remediation of dye-contaminated
wastewater.

Keywords Conductor like screening model for
real solvents - Deep eutectic solvents (DESs) - Dye -
EcoSscale - Menthol - Phytotoxicity - Thymol

1 Introduction

Water pollution has become one of our most pressing
environmental challenges, demanding immediate and
coordinated action to mitigate its impacts and safe-
guard the cleanliness and safety of water resources
for daily use (Tiwari et al., 2022). The widespread use
of synthetic dyes, mainly Rhodamine B (RB), across
industries such as cosmetics, food, textiles, paints,
printing, and plastics manufacturing has resulted
in the discharge of substantial amounts of coloured,
toxic effluents. These pollutants often contaminate
surface water and groundwater, posing significant
environmental and public health risks (Behbahani
et al., 2021). Liquid-liquid extraction (LLE) is con-
sidered one of the effective techniques for dye reme-
diation from wastewater treatment with various
advantages, such as simplicity, scalability, and high
recovery rates (Khatibi et al., 2022). However, the
extractants commonly used in liquid-liquid extraction
(LLE) are typically organic solvents such as ethanol,
hexane, and toluene. These solvents are often required
in long extraction times and substantial volumes,
and are highly volatile, raising significant concerns
about environmental pollution and human health
(Brijmohan et al., 2021). Among these, ionic lig-
uids (ILs) have emerged as next-generation replace-
ments for conventional organic solvents in various
applications (Alqahtani, 2024; Chen & Mu, 2021;
Chen et al., 2023a). One of the green solvents, ionic
liquid (IL), originates from molten organic salts con-
sisting of free-moving cations and anions in a liquid
state at ambient temperatures (Jin et al., 2021; Rah-
man et al., 2022; Zhao et al., 2021). ILs are recog-
nised as green solvents due to their unique properties,
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negligible vapour pressure (Fabre & Murshed, 2021;
Zhang et al., 2023), tunable viscosity (Bouarab et al.,
2021), and high thermal stability (Kianfar & Mafi,
2021; Singh & Savoy, 2020) encourage the replace-
ment of organic solvents with ILs. The costly (Wang
et al., 2021; Zhu et al., 2021), challenging synthesis
and purification (Singh & Savoy, 2020), enabling
researchers to explore other eco-friendly solvents.

Deep eutectic solvents (DESs) have recently
become the new trend in green solvents. DESs origi-
nate from binary or tertiary (Hansen et al., 2020;
Velez & Acevedo, 2022) mixtures of compounds,
with both hydrogen bond acceptor (HBA) and hydro-
gen bond donor (HBD) (Mero et al., 2023) to form
a new eutectic compound. These solvents possess
unique combinations of physicochemical properties
with high thermal stability (Cotroneo-Figueroa et al.,
2022; Marchel et al., 2022), negligible vapour pres-
sure (Peng & Minceva, 2024), low cost and simple
preparation processes, making them an excellent alter-
native source of green solvents (Chabib et al., 2022;
[jardar et al., 2022; Martinez et al., 2022; Sekharan
et al., 2022). DESs are widely used in various applica-
tions, including biodiesel production (Malolan et al.,
2021), nanomaterial and polymer synthesis (Nahar &
Thickett, 2021; Nam et al., 2023), biochemistry, and
biocatalysis (Pani¢ et al., 2021). For environmental
applications, DESs have been used for the treatment
of lead from mangrove soil (Rashid et al., 2022),
crude oil (Duan et al., 2021), phenolic compounds
(Zheng et al., 2022), Cadmium (Lamarca et al., 2024)
dyes, and nanoplastics (Chen et al., 2023b). Despite
extensive research underscoring the effectiveness of
deep eutectic solvents (DESs) as superior remediation
agents, a critical gap remains in the comprehensive
evaluation of Thymol-Menthol-based deep eutectic
solvents (T:M) across various molar ratios and their
potential as potent extractants for dye remediation,
particularly for RB. Furthermore, no studies have sys-
tematically compared these DESs with conventional
solvents for liquid-liquid extraction of dyes, particu-
larly in extraction time, solvent volume, and EcoScale
analysis. Additionally, data on the phytotoxicity of
these DESs remain scarce.

The primary goal of this study is to develop
cost-effective  Thymol-Menthol-based deep -eutec-
tic solvents (T:M) as extractants for RB. Thymol
and Menthol, natural monoterpenoids, serve as pre-
cursors for preparing T:M. Thymol, also known as
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2-isopropyl-5-methylphenol (IPMP), has the molecu-
lar formula CiyHi4«O and is a phenolic monoterpe-
noid derived from p-Cymene (Baginska et al., 2023;
Krause et al., 2021). It has an aromatic odour and nat-
urally occurs in thyme essential oil (Yu et al., 2021).
Menthol, a monoterpenoid alcohol (Oshima & Ito,
2021; Tian et al., 2023) with the formula CiyH,,0,
is known for its refreshing flavour and can be sourced
naturally or synthesised (Oshima & Ito, 2021). Thy-
mol and Menthol were selected due to their low cost,
natural origin, and biodegradable nature (Jiang et al.,
2025), in alignment with the core principles of green
chemistry. Moreover, they possess multiple functional
groups such as aromatic rings, hydroxyl groups, and
alkyl chains that can interact with organic dyes via
n-n stacking, hydrogen bonding, and hydrophobic
interactions. These mechanisms enhance the bind-
ing efficiency between the T:M and dyes, making it
a highly promising candidate for textile wastewater
treatment. The physical and chemical properties of
the prepared T:M were thoroughly characterised, and
their effectiveness was tested against model dye pol-
lutants, primarily RB. Quantum chemical calculations
using COSMO-RS were employed to predict molecu-
lar interactions between T:M and RB. Furthermore,
comparative analysis of dye removal performance
between T:M and conventional organic solvents,
and EcoScale assessment were conducted to evalu-
ate chemical processes at the laboratory scale based
on factors such as cost-effectiveness, high yield, and
minimal risk to the operator and the environment.
Additionally, the influence of pH, the removal effi-
ciency of various dyes (Methylene Blue (MB), Crys-
tal Violet (CV), and Safranin (SR)), and phytotoxic-
ity were examined to demonstrate the effectiveness
of the proposed DES. This study aims to deepen the
understanding of the fundamental properties and per-
formance of the developed materials, ultimately con-
tributing to developing more efficient and sustainable
tools for environmental remediation.

2 Materials and Methods
2.1 Materials

Thymol (>99% purity) and Menthol (>98% purity)
were purchased from Sigma-Aldrich (Germany).

The chemicals were used without any further purifi-
cation. Ultrapure water was obtained using a Mili-Q
water purification system. Stock solutions of Rhoda-
mine B (RB), Methylene Blue (MB), Crystal Violet
(CV), and Safranin (SR), were prepared in ultrapure
water with a concentration of 100 ppm and kept in a
refrigerator at 4 °C.

2.2 Preparation of T:M

In this study, T:M was synthesised using a heating
method described by Nguyen et al. (Nguyen et al.,
2021). In brief, Thymol and Menthol were heated to
80 °C with continuous stirring, using molar ratios of
1:1, 1:2, 1:3, 1:4, 2:1, 3:1, and 4:1 until a clear liquid
formed. Then, the obtained liquid was left aside to
cool to room temperature.

2.3 Characterizations of T:M

"H-NMR and "»C-NMR of synthesised DESs were
recorded on a 400 MHz NMR spectrophotometer
(model: Bruker Advance, USA) using TMS as an
internal standard to confirm the molecular structure
of DESs. The samples were prepared at about 30 mg
in NMR tubes and dissolved in 0.5 mL of deuter-
ated chloroform, CDCl,. Fourier Transforms Infrared
Spectroscopy (FTIR) analysis using Spectrum 400
Perkin Elmer (Waltham, MA, USA) in the spectral
range of 4000 — 400 cm~! and a resolution of +4 cm™!
examined the functional groups and hydrogen bond
formation between Thymol and Menthol, confirm-
ing the formation of a eutectic mixture. In addition,
Thermogravimetric Analysis (TGA) was performed
to measure the mass loss from 30 °C to 700 °C, along
with Differential Thermal Analysis (DTA) to assess
the heat input and phase transition of T:M using a
PerkinElmer thermal analyser. UV-Vis spectropho-
tometer analysis (UV-1080, Shimadzu, Japan) was
used to measure the absorbance of residual stud-
ied dyes, RB (A=554 nm), MB (A=664 nm), CV
(A=590 nm), and SR (A=520 nm) in water after the
removal process.

2.4 COSMO-RS Simulation Study
The thermodynamic properties of the proposed DES

and RB were analysed using the COSMO-RS method.
The computational sequence began with optimising
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the RB structure. Since RB’s structure is available
in PubChem, the SMILES format was imported into
TMoleX (TURBOMOLE, version 4.4.1) to build the
3-D model of the molecule. This structure was then
optimised using TMoleX, and the file was saved in
the COSMO format. The def-TZVP basis set and
B3-LYP functional were employed for density func-
tional theory (DFT) calculations. The optimised
geometry of RB was then sent to the COSMO data-
base. Thymol and Menthol, available in the COS-
MOthermX database, were directly utilised. Using
COSMOthermX (version 19.0.4) with BP-TZVP
parameterisation, the prediction of all studied thermo-
dynamic properties was conducted, and this data was
used to express the solvent—solute chemical potentials
of the DES and RB.

In the COSMO-RS prediction process, the solute
molecules are first surrounded by a virtual conduc-
tor, established using the continuum solvation model.
In this model, the solvent is represented as a con-
tinuous medium with a uniform dielectric constant,
rather than as discrete molecules. The virtual conduc-
tor serves as an idealised concept where the solute is
placed within a hypothetical conductor. The screening
charge density distribution (o-profile) is then calcu-
lated for the solute using quantum chemical methods.
The o-profile characterises how the virtual conductor
screens the solute’s electric field, resulting in a spe-
cific charge distribution on the solute’s surface.

This three-dimensional surface charge density dis-
tribution of the molecule can be converted into a his-
togram plot called a o-profile, P(¢) based on Eq. (1)
(Khan et al., 2023).

P() = )’ x;P* (o) (1)

where §; denotes the molar fraction of the i. segment,
cap P to the script x to the i. end superscript referred
to as the o-profile of the I segment, and I represents
a specific component in the mixture. The o-profile
describes the polarity of the molecules. In contrast,
the electrostatic potential derived from the c-profile,
known as the o-potential, describes the interaction
behaviour and affinity between molecules in the sys-
tem. The c-potential, x4 () of molecules is calculated
using Eq. (2) based on the calculated c-profile using
the Klamt equation:
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where o’ refers to a general interaction fitting param-
eter to describe the energy of the geometrically opti-
mised structure of the molecule, and the pi(c) denotes
the chemical potential.

From the o-profile and o-potential, various
interaction energies and hydrogen bonding proper-
ties can be predicted, including misfit interaction
energy (Eyp), van der Waals interaction energy
(E,qw), hydrogen bond acceptor moment (Mygy),
and hydrogen bond energy (Eyg). Mathematically,
the energies are described using the following
Egs. (3)- (5):

Eyr(0,0') = o (d/2) (0 + ') 3)
Eyp = a5 cygmin(0, 06" + 6y5°) )
E,qw = ay. (Tvaw + Toaw?) )

where the a,; represents the effective contact area
between two surface segments, ¢ is denoted as the
hydrogen bonding interaction strength coefficient, oy
is the charge density threshold for hydrogen bonding.
In contrast, the general fitting for van der Waals inter-
action is represented by 7, + T,z /-

2.5 Dye Removal

The removal process of RB dye was adapted from a
modified version of Chen et al. (Chen et al., 2024).
Each 400 pL of T:M at the studied molar ratios was
briefly added to a 6 mL aliquot containing 10 ppm
of RB. After shaking the sample for 10 min using
a shaker, it is centrifuged at 4000 rpm for 5 min,
separating the solution into two phases: T:M phase,
containing extracted RB dye, and a clear aqueous
phase. The RB removal efficiency was then ana-
lysed using a UV—Vis Spectrophotometer and cal-
culated using Eq. (6).

i C°x100f7
a ¢ ©

i

Extraction efficiency (%) =
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where C; and C, represent the dye’s concentration
before and after removal, respectively, several param-
eters, such as the volume of T:M, contact time, and
the solution’s pH, that influence the RB dye removal
efficiency were studied and optimised. The removal
of additional dyes, including MB, CV and SR, was
also evaluated under the same optimised conditions.
Additionally, the dye removal efficiencies of conven-
tional solvents like toluene and benzene were exam-
ined in this study.

2.6 Evaluation of Greenness

EcoScale Analysis The EcoScale method was used
to evaluate chemical conditions on a laboratory scale,
including using inexpensive compounds, high yield,
and minimal risk for the operator and the environment
(Mejias et al., 2025). The ideal green analysis in the
method was assigned 100 points, which were penalty
points (PPs) according to the yield, price of raw mate-
rials, safety, temperature/time and workup and purifi-
cation. Starting with the ideal analysis method of 100
points, PPs reduce the score for the actual method.
Projects scoring more than 75 points represent excel-
lent green analyses, and those with acceptable green
analyses score more than 50 points. In the dye removal
extraction process, penalty points were assigned based
on factors such as the types of chemicals or reagents
used, energy consumption of equipment, occupational
hazards, and waste production. Beginning with a per-
fect 100, the actual method’s score is reduced by the
penalty points. The greener the process, the closer it
remains to the ideal score of 100 (Freire et al., 2025).

Phytotoxicity Phytotoxicity of the DES was
assessed using a seed germination assay with Pisum
sativum (pea) seeds, based on modified protocols
from previous studies (Kang Zheng et al., 2025; Yap
& Gan, 2024). Briefly, ten seeds were placed in indi-
vidual petri dishes lined with filter paper and a thin
layer of cotton wool, then moistened with 5 mL of
DES solutions at concentrations of 0.001%, 0.01%,
0.1%, and 1% (w/v). A control group was maintained
using 5 mL of freshwater. The assay was conducted
under controlled temperature, air circulation, and
darkness conditions. After seven days of incubation,
the germination percentage (% Germination) was cal-
culated using Eq. (7):

o Number of seeds germinated
% Germination =

Total number of seeds x 100% )

3 Results and Discussion
3.1 Visual Observations of T:M

Table 1 presents the appearance of the prepared
Thymol-Menthol-based deep eutectic solvents (T:M)
at molar ratios of 1:1, 1:2, 1:3, 1:4, 2:1, 3:1, and
4:1. The results show that all prepared T:M samples
were clear liquids after the heating process, except
the 3:1 and 4:1 molar ratios. Moreover, the clear
liquids of T:M remained viscous and transparent
over time, indicating the stability of the synthesised
DESs. This observation is consistent with findings
by Ugan et al. (Ugan et al., 2024), who prepared cho-
line chloride:phenol-based DESs at 1:1, 1:2, and 1:3
molar ratios.

3.2 Characterizations of T:M

FTIR was conducted to investigate the essential func-
tional groups and determine the formation of hydro-
gen bonds between T:M. Figure S1 illustrates the
FTIR spectra with band characteristics of functional
groups of five various molar ratios of T:M, Thymol,
and Menthol. Menthol presented absorption peaks at
3208 cm™!, 2921 ¢cm™', and 2853 cm™!, correspond-
ing to the O-H band, asymmetric and symmetric
CH, stretching, respectively. The 1395-1334 cm™!
peaks correspond to O-H in-plane bending vibra-
tion, while the peak at 1289 cm™! is attributed to
the isopropyl group. Moreover, the peak signal at
1291 cm™! is attributed to C-O stretching, and the
peak at 806 cm™!' corresponds to the out-of-plane
aromatic C-H (Zheng et al., 2025). Thymol’s absorp-
tion peaks at 3198 cm™!, 1340 cm™!, 2991 cm™!, and
2893 cm™! are attributed to O-H stretching, O-H
bending, and asymmetric and symmetric CH, stretch-
ing, respectively. Furthermore, the peaks in the range
1467-1419 cm™! are due to the C=C stretching of
the benzene ring of Thymol (Sharifi et al., 2025).

All peaks that appeared for Thymol and Menthol
were observed in the spectra of all prepared T:M at
different ratios. Additionally, the OH stretching band
of the studied T:M was observed to shift to a higher
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wavelength (as shown in Figure S1), which signi-
fies the formation of a eutectic mixture. This out-
come strongly suggests the existence of hydrogen
bonding between individual constituents (Thymol
and Menthol) in the prepared DESs. Similar results
were reported by Qi et al. (2025); Zhang et al., 2022).
Functional groups analysis proved that the fabricated
T:M, consisting of hydroxyl groups, aliphatic com-
pounds, and aromatic moieties, could be responsi-
ble for hydrogen bonding and hydrophobic and pi-pi
interactions with water pollutants in environments
such as organic dyes.

Further analyses using 'H NMR and 'C NMR
spectroscopy were performed to determine the types
of protons and carbon in the synthesised T:M and the
spectra presented in Figures S2 and S3, respectively
In the '"H NMR spectrum, T:M 1:1 shows the chemi-
cal shift values around 6=1.4 ppm and 2.4 ppm due
to methyl (peaks no. 1, 2) and methylene (peaks no.
5, 6, 7) protons of Thymol, respectively (Mydeen
et al., 2022). The peaks at =4.7 ppm corresponded
to hydroxyl groups (peaks no. 4, 11) of Thymol and
Menthol (Sereshti et al., 2021; Zhao et al., 2025). The
6=0.9 ppm attributed to the methyl group of Men-
thol with peaks of 1 and 3, respectively. The range
of 6=1.0-2.4 ppm and 3.3 ppm (peaks no. 4, 5, 6, 7,
8, and 9) indicates the methylene groups of Menthol
(Zhao et al., 2025). In the Bc NMR, the peak with
8=16-24 ppm corresponds to methyl (peaks no. 8,
9, 10: 1, 3) and methylene carbons (peaks no. 7, 3)
for both Thymol and Menthol, respectively (Sereshti
et al., 2021; Zheng et al., 2025). The signals for ben-
zyl groups of Thymol (peaks no. 1, 2, 3, 4, 5, 6) con-
stituents are observed at 8 =116-153 ppm. Spectra of
T:M 1:2 to T:M 2:1 also presented comparable peaks
similar to T:M 1:1, confirming the structure of the
synthesised T:M in the present study.

TG thermograms combined with DTA of the five
molar ratios of T:M, T:M 1:1 to T:M 2:1 are presented
in Figure S4. The derivative peaks presented by DTA
indicate the information on the mass loss steps and
the temperature of the maximum rate of change in
weight loss (El-Sayed et al., 2024). The onset decom-
position temperature indicates the initial decomposi-
tion temperature and was used to study the maximum
temperature for T:M, which remains in the liquid state
without decomposition (Rahman et al., 2025). As seen
in the figure, the decomposition temperature for all
T:M started around 120 ‘C and was lower than their
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constituents, Thymol (201°C) and Menthol (181°C),
respectively. For the DTA thermogram, major deriv-
ative peaks range from 170 °C to 185 C, revealing a
one mass loss step caused by decomposing precursors
of the studied DESs in a single step. A similar finding
was reported by Trivedi (Ahmed et al., 2025; Hussin
et al., 2020). These results proved that the as-prepared
DESs are non-volatile solvents as they showed good
thermal stability at room temperature and could be
employed as an ideal extractant for the remediation of
organic pollutants from environmental samples.

3.3 COSMO-RS Study
3.3.1 o-Profile and o-Potential of Precursors of T:-M

The o-profile denotes the polar and non-polar nature
of the Thymol and Menthol in this study, and the
results are shown in Fig. 1(A). The histogram of prob-
ability distribution curves can be divided into three
primary regions: the hydrogen bond donor (HBD)
region (c<—0.0086 ¢/A?), hydrogen bond acceptor
(HBA) region (6>0.0086 e/A?), and the non-polar
region (—0.0086 e/A%2<c<0.0086 e/A?) (Hussin
et al., 2021). Positive surface charges appear in the
negative o region, while negative surface charges
appear in the positive o region, with the middle seg-
ment corresponding to neutral regions (Khan et al.,
2021). As seen in the result, the precursors of the
present DESs, Thymol and Menthol, exhibit distinct
and strong peaks in the neutral regions, specifically
at 6=—0.002 ¢/A%? and —0.003 e/A?, respectively.
In addition, it was revealed that Thymol and Men-
thol possess both HBD and HBA properties as they
are observed in the negative ¢ region (—0.0021 e/
A?<6<-0.013 e/A?) and positive ¢ region at 0.011
e/A2<6<0.010 /A2 Since Thymol and Menthol
exhibit both HBD and HBA properties, they tend to
form hydrogen bonds with each other, contributing to
the stability of the prepared DESs, T:M.

As seen from the o-potential distribution (Fig. 1
(B)), Thymol has the highest affinity for interacting
with hydrogen bond acceptors (Quaid & Reza, 2023).
At the same time, Menthol shows the most significant
capability for interacting with hydrogen bond donors.
This suggests that the interaction between the compo-
nents of the T:M occurs through hydrogen bonding,
where Thymol acts as the hydrogen bond donor, and
Menthol acts as the hydrogen bond acceptor.
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Table 1 Visual observations of the different mixtures of T:M

DESs Observation Appearance
After heating After 1 month
M
TM 1:1 Transparent liquid Transparent liquid
=z
| >
Tim
T:M 1:2 Transparent liquid Transparent liquid 1:2
e
TM1:3 Transparent liquid Transparent liquid (: ’
=
T:M 1:4 Transparent liquid Transparent liquid (s '
wr o
T:M 2:1 Transparent liquid Transparent liquid %
u
A1
z:)
T:M 3:1 Solid Cloudy solution ‘
—d
! {_‘m ‘
T:M 4:1 Solid Cloudy solution 4: ‘
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3.3.2 o-Profile and o-Potential of T:M at Various
Molar Ratios

The o-profile of T:M in Fig. 2(A) was calculated
based on the mole fraction of each component of the
studied DESs. All prepared T:M is predominantly
non-polar, polar hydrogen-bond donating, and polar
hydrogen-bond accepting, similar to its constituents
(Thymol and Menthol). It could be expected that
the studied analyte, RB will be more soluble in the
less polar T:M than in the more polar water solvent,
thus enhancing the affinity of this analyte during
the removal process. A similar trend is observed for
o-potential plots of T:M (Fig. 2 (B)): they are para-
bolic in the nonpolar region, indicating their nonpo-
lar. All studied T:M demonstrate a favourable non-
polar interaction with hydrophobic compounds. In
addition, T:M also shows a parabolic curve in the
hydrogen donor and acceptor sections with a nega-
tive value. This implies that the as-prepared T:M has
a strong affinity towards hydrogen-bond donating and
the hydrogen bond accepting molecules, suggesting a
desirable hydrogen bond interaction with the hydro-
gen bond acceptor and the hydrogen bond donor of
the studied extractants. The o-potential plots for all
synthesised solvents display a comparable trend.
Among c-potential plots of all T:M, T:M 2:1 exhib-
its the highest attraction to interact with hydrogen
bond acceptors, followed by T:M 1:1, T:M 1:2, T:-M
1:3 and T:M 1:4, This suggests that T:M 2:1 has the

«J(a)

~———— Thymol
Menthol

Non polar region

H-bond donor region 1 1 H-bond acceptor region

-0.03 -0.02 -0.01 0.00 0.01 0.02

Screening charge density (a/e.A%)

0.03

strongest affinity for the protons in dye molecules
during the removal process.

3.3.3 Molecular Interactions of T:M Using
Interaction Energies

Based on their molar ratios, the molecular interac-
tions between Thymol and Menthol in the prepared
DESs were predicted using COSMO-RS, with the
data presented in Fig. 3. The results indicate that van
der Waals energy (E,q4w) is the predominant interac-
tion between Thymol and Menthol in all the prepared
DESs, followed by hydrogen bonding (Eyp) and Mis-
fi's Electrostatic Energy (Ey). This observation can
be attributed to the o-profile of the precursors, which
showed prominent peaks in the nonpolar region, sug-
gesting that van der Waals forces primarily drive their
interaction. Moreover, the hydrogen bonding (Eyg) of
the developed DESs can be described by the interac-
tion between the oxygen and proton of both precur-
sors during the synthesis of the DESs. These inter-
actions may indicate the stability of the formulated
DESs, suggesting a stable adsorption and removal
process when using these extractants.

3.4 Application: T:M as an Extraction Solvent for
the Removal of Toxic Rhodamine B dye

Rhodamine B (RB) dye is commonly utilised as a
synthetic dye in the textile industries (Al-Buriahi

B)

| Thymol
——— Menthol

e
(=]
1

e
9
1

Sigma potential, p(o)

0.4 -
0.6 -
| |
0.8 -
Interaction with | 1nteraction with | Interaction with
10 H-bond donor |non polar group | H-bond acceptor

-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03

Screening charge density(o/e.A?)

Fig. 1 Predicted A o profile and B ¢ potential distributions of Thymol and Menthol using the COSMO-RS model
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Fig. 2 Predicted A o profile and B ¢ potential distributions of various molar ratios of T:M using the COSMO-RS model

et al., 2022), such as paper (Thakur & Kaur, 2017),
paint, etc. (Saigl, 2021), by manufacturers due to
its thermal and light stability and biodegradability
(Saigl, 2021). However, intensive RB dye causes
potential carcinogenic and mutagenic effects on
humans and animals upon prolonged contact, caus-
ing skin and respiratory inflammation (Al-Gheethi
et al., 2022; Amalina et al., 2022). Therefore, it is
imperative to remove RB dye from wastewater efflu-
ent before discharging it into water sources to safe-
guard the environment.

Hence, the performance of prepared T:M was
examined to remove RB using a liquid-liquid
extraction procedure, and their removal perfor-
mance was analysed using a UV-Vis spectropho-
tometer. The results show that the UV absorbance
of RB significantly decreased after treatment with
T:M in all studied molar ratios, compared to the ini-
tial concentration. This indicates that the T:M in all
tested ratios are effective extractants for RB reme-
diation, achieving removal efficiencies between
92 and 99% in this study (Fig. 4(A) and (B)). This
phenomenon may be attributed to the strong elec-
trostatic, hydrophobic, and -7 interactions between
the prepared T:M and RB pollutant. To further
investigate these interactions, the potential inter-
actions of RB with the studied T:M were analysed
using COSMO-RS.

3.4.1 Molecular Interactions of RB and T:M

XZ-profile of RB demonstrates that it is mostly non-
polar, but it also has a small region with 6=0.012 e/
A2 at the H-bond acceptor region, indicating hydro-
gen-bond accepting ability. The prominent peaks in
the nonpolar region are attributed to the methyl and
phenyl groups of the RB structure, which can interact
with the aromatic ring and methyl group of the DESs
through hydrophobic interactions. Furthermore, its
hydrogen bond-accepting capability is linked to the
polar oxygen atoms in the carboxylic group. These
oxygen atoms can interact with protons of the T:M
extractants to form hydrogen bonds. Both hydro-
gen bonding and hydrophobic interactions between
the RB molecule and T:M compounds are evident.
based on Fig. 5(A). This result is consistent with
the o-surface of RB (Fig. 5(B), which revealed that
RB primarily comprises neutral regions, followed by
electropositive regions (hydrogen atoms), partially
electronegative sites (C=C), and electronegative
regions (oxygen atoms). This finding suggests that
RB can form hydrophobic and hydrogen bonds with
the extractant during removal. A similar observation
was reported by Adeyemi et al. (2020), indicating
that COSMO-RS predictions for removing chlorophe-
nol suggested potential interactions are mainly from
hydrophobic interactions and hydrogen bonding.
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Fig. 3 Molecular interac- 10
tions energy of various
molar ratios of T:M
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The o-potential curves of RB (Fig. 5(C)) indicate
that it can interact with nonpolar compounds. Addi-
tionally, RB displays a parabolic curve with a nega-
tive value in the hydrogen donor and acceptor regions.
This suggests that RB has strong intermolecular inter-
actions with hydrogen-bond-donating and hydrogen-
bond-accepting molecules. It can be inferred that

120 (A)

100 4

—

Removal efficiency (%)
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1:1 1:2 1:3 1:4 2:1
Molar ratios of T:-M
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T:M1:2 T:M1:3 T:M1::4 T:M2:1
DES

hydrogen bonding and hydrophobic interactions are
the principal mechanisms driving the removal of RB.
Moreover, the interaction energy (the electrostatic
misfit energy, Eyp, the hydrogen bonding energy, Eyyg
and the Van der Waals energy, E, ) between RB and
all studied DESs was also assessed using COSMO-
RS. Figure 5(D) illustrates that the interaction energies

20{(B)
Before removal
1.0 - After removal
o.s ) ' 5
0.0
-0.5 T T
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Fig. 4 A The dye removal efficiency of various molar ratios of T:M, B UV—-Vis absorbance of the initial concentration of RB and

after treatment with various molar ratios of T:M
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between the prepared extracting solvents and the RB
pollutant are consistent throughout the removal pro-
cess, corroborating the experimental removal results
obtained for all T:M ratios. Furthermore, the interac-
tion energy results indicate that E, 4y is the predomi-
nant interaction in RB adsorption, with Eyyz and Eyg
as secondary contributors. The findings from the
o-profile and o-potential analyses in the COSMO-RS
models are in robust alignment.

3.5 Economic Feasibility and Environmental Impact
of T:M

The cost of preparing deep eutectic solvents is primar-
ily driven by the price of raw materials and synthesis
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.
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parameters, including synthesis time, the volume of the
synthesised solvent, and equipment power. These fac-
tors are crucial for accurately forecasting the prepared
T:M production cost. The estimated production cost
for 100 mL of T:M is approximately $14.40, encom-
passing all expenses (e.g., Thymol, Menthol, electrical
energy). The EcoScale synthesis score for T:-M was
calculated and compared with other published green
solvents, such as ionic liquids and deep eutectic sol-
vents (DES). As shown in Table 2, T:M achieved an
impressive score of approximately 95%, positioning it
on par with other natural DESs like choline chloride
and betaine, as well as choline chloride-based and cho-
line chloride/urea DESs. This result underscores T:M’s
synthesis as an exemplary green process according to
EcoScale criteria. The development of natural deep
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Fig. 5 A o-profile of T:M with RB, B c-surface of RB, C c-potential of T:M with RB, and D the E 4y, Eyg and Eyr of T:M at vari-

ous molar ratios
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Table 2 Comparison of the EcoScale of the previous studies with T:M

Solvent

EcoScale

Reference

Benzyl imidazolium-based room temperature
ionic liquids (RTILs)

1-hexyl-2-phenyl-imidazolium
bis(trifluoromethanesulfonyl)amide [HPhIm]
[NTF,]

1-benzyl-3-methyl-imidazolium
bis(trifluoromethane sulfonyl)amide [BnMIm]
[NTf,]

1-butyl-1-methypyrrolidinium
bis(trifluoromethylsulfonyl)imide [bmpyrr]
[TE,N]

1-methyl,3-decahexyl imidazolium

Parameter

Yield

Price of reaction components
Safety

Technical setup
Temperature/time

Workup and purification
Total PPs

Score

Parameter

Yield

Price of reaction components
Safety

Technical setup
Temperature/time

Workup and purification
Total PPs

Score

Parameter

Yield

Price of reaction components
Safety

Technical setup
Temperature/time

Workup and purification
Total PPs

Score

Parameter

Yield

Price of reaction components
Safety

Technical setup
Temperature/time

Workup and purification
Total PPs

Score

Parameter

Yield

Price of reaction components
Safety

Technical setup
Temperature/time

Workup and purification
Total PPs

Score

Penalty points (PPs) Fan et al. (2021)
1
3
5
1
3
2

15
85
Penalty points (PPs) Kermanioryani et al. (2016)

1
3
5
1
3
2

15
85
Penalty points (PPs) Kumar et al. (2020)

—_— N W = N D

5
85
Penalty points (PPs) Lawal and Moodley (2015)

—_— N W = W W

5
85
Penalty points (PPs) Aroso et al. (2017)

1
3
5
1
3
2

15
85
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Table 2 (continued)

Solvent EcoScale Reference

Deep eutectic solvents from choline chloride and ~ Parameter Penalty points (PPs) Alam et al. (2021)
betaine .
Yield
Price of reaction components
Safety
Technical setup
Temperature/time

Workup and purification

wn o O O wn o <o

Total PPs

Score 95

Choline chloride-based deep eutectic solvents Parameter Penalty points (PPs) Sapir and Harries (2020)
Yield
Price of reaction components
Safety
Technical setup
Temperature/time
Workup and purification
Total PPs
Score 95

Choline Chloride/Urea Parameter Penalty points (PPs) Omar and Sadeghi (2021)
Yield

Price of reaction components

wn O O O wn O O

Safety
Technical setup
Temperature/time
Workup and purification
Total PPs
Score 95

M Parameter Penalty points (PPs) This study
Yield

Price of reaction components

wn O O O v O O

Safety

Technical setup
Temperature/time
Workup and purification
Total PPs

Score 95

wn O O O wn o O

eutectic solvents offers numerous advantages over Moreover, the dye removal process is a crucial
ionic liquids, including cost-effectiveness, safety, eco- factor that reflects the economic viability and sus-
friendliness, simplicity, and ease of synthesis. This tainability of the overall remediation approach. To
aligns with green chemistry principles by minimis- demonstrate the economic efficiency and significant
ing the use and disposal of environmentally harmful potential for environmental remediation of the studied
organic reagents and promoting sustainability. DESs, the removal performance of a representative

@ Springer
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Fig. 6 Effect of A volume of T:M, B contact time T:M, C volume of organic solvents, and D extraction time of organic solvents on

the removal efficiency of RB

DES (T:M at a 1:1 molar ratio) was compared with
that of conventional organic solvents (toluene and
benzene). The comparison focused on extraction time
and the volume of extractant required to achieve a
high removal efficiency of RB. As depicted in Fig. 6
(A-D), the T:M 1:1 mixture exhibited exceptional dye
removal efficiency, reaching 99% removal using only
400 pL of DES and just 10 min of extraction time.
In contrast, toluene and benzene required 10,000 pL
and 60 min to remove RB dye completely. This stark
comparison highlights the superior performance of
the proposed DES in dye remediation, achieving high
removal efficiency with significantly lower extractant

@ Springer

volume and reduced extraction time. These advan-
tages underscore its potential to minimise waste and
substantially reduce operational costs.

Furthermore, the dye removal performance of the
studied DES (T:M 1:1) was further evaluated across a
range of pH levels and against various dyes, including
MB, CV, and SR. Remarkably, the results (Fig. 7(A-
B)) revealed that the T:M 1:1 mixture maintained high
removal efficiency for RB dye across all tested pH lev-
els and demonstrated effective removal of the other
dyes. This suggests that the DES holds strong potential
as a versatile extractant for dye-contaminated wastewa-
ter, which typically contains a mixture of dye types and
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Fig. 7 Effect of A pH of the solution on the removal efficiency of RB, B Removal efficiencies of DES toward various dyes, and C
Phytotoxicity study of the studied DES (T:M 1:1) on pea (Pisum sativum) seeds

varies in pH. These findings confirm that the proposed
DES is a promising, efficient, and sustainable solution for
dye remediation. To evaluate the environmental impact
of the proposed DES, its phytotoxicity was assessed
using pea seeds (Pisum sativum) as a model system.
Figure 7 (C) revealed that the percent seed germination
remained unaffected at DES concentrations up to 0.1%,
suggesting that low DES concentrations are non-toxic
to pea seed germination. This finding is consistent with
previous studies by Kang Zheng et al. (2025), and Yap
and Gan 2024. An EcoScale score of 96 was assigned
to the dye removal process, encompassing reagent use,
instrumentation, occupational safety, and waste genera-
tion, highlighting its sustainability due to low operational
costs, minimal waste production, and reduced energy
usage.

3.6 Comparison of Dye Removal Performance of
Proposed DES with Previous Published DES,
Ionic Liquids (ILs), and Organic Solvents

This study presents the first application of T:M
to remove Rhodamine B (RB) from aqueous solu-
tions. The optimal remediation conditions and
removal efficiency of the studied T:M were com-
pared with those of other reported dye extract-
ants. As shown in Table 3, the proposed DES
demonstrated high removal efficiency for RB
within a short period and using a minimal vol-
ume of extractant, suggesting that the proposed
DES offers a simple and cost-effective method for
dye removal, with advantages over other solvents
reported for liquid-liquid extraction.
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Table 3 Comparison of the performance of present DESs with the reported DESs, Ionic liquids (ILs), and organic solvents for the
remediation of dyes

DESs Extraction Method Dye Volume of Contact pH  Extraction Reference
DES (pL) time efficiency (%)
(min)
M Liquid-liquid Rhodamine B (RB) 400 10 2-10 99 This study
extraction
Tetrabutylammonium Bromide Liquid-liquid Congo Red 100000 30 7 >90 Omar and
(TBAB:1-Nonanol) extraction Sadeghi
Tetrabutylammonium Hydrogensul- (2021)
fate (TBAHS:1-Nonanol)
Tetrabutylammonium Iodide
(TBAI:1-Nonanol)

Tetrabutylammonium bromide: Liquid-liquid Brilliant Blue FCF (E133) 500 10 5 >95 Rafati et al.
1-octanol (TBAB: 1-octanol) microextraction (2025)
Thymol:acetanilide (Thy:ACN) Liquid-liquid Methylene blue (MB) 1009.55 10 - >80 Olgun et al.

Thymol:acetamide (Thy:ACM) extraction Rhodamine B (RB) (2024)
Choline chloride: Ethyl glycol Ultrasonic- Chrysoidine G (COG) 1000 20 - > 60 Zhu et al.
Choline chloride: 1,2-Butanediol assisted extrac-  Astrazon orange G (AOG) (2017)
Choline chloride: glycerol tion Astrazon orange R (AOR)
Choline chloride: 1,3-Butanediol
Choline chloride: 1,4-Butanediol
1-octyl-3-methylimidazolium hex- Liquid-liquid Malachite Green (MG) 80 50 4 >91.7 Zhang et al.
afluorophosphate ([CgMIM][PF]) microextraction  Crystal Violet (CV) (2012)
Tetrabutyl Ammonium Bromide Liquid-liquid Brilliant orange 3R 10,000 1080 2-12 >99 Othman et al.
extraction (2010)
Toluene, kerosene, n-Dodecane, Liqui-liquid Brilliant orange 3R 10,000 1080 - 50-98 Othman et al.
xylene, Dichloromethane, chlo- extraction (2010)
roform
Trihexyltetradecylphosphonium Liquid-liquid Reactive black, navy and 10, 12.5, 90 6-8 >80 Dalari et al.
decanoate extraction royal 50, 75, (2022)
and
100 mg
Benzene + Salicylic acid Liquid-liquid Methylene Blue (MB) 10,000 25 11 93 Soniya and
extraction Muthuraman
(2015)

4 Conclusion

In this study, deep eutectic solvents (DESs) composed
of Thymol and Menthol were synthesised for efficient
organic dye removal through liquid-liquid extraction
(LLE). Experimental results revealed that the pro-
posed DES has an exceptional performance, removing
99% of Rhodamine B (RB) from aqueous solutions
of 10 ppm under optimal conditions (400 pL of DES
volume, 10 min of contact time, and pH 2-10). The
proposed extractant effectively addresses limitations
of conventional solvents in dye extraction processes,
such as prolonged extraction durations, high volatil-
ity, expensive, complicated synthesis and large solvent
volume requirements. EcoScale assessment demon-
strated that the synthesis and dye removal processes

@ Springer

employing the proposed DES are economically viable,
operationally safe, and environmentally benign, char-
acterised by minimal waste generation and low opera-
tor risk. Moreover, the solvent system showed broad
applicability, achieving 70-98% removal efficiency for
various textile dyes, including Methylene Blue (MB),
Crystal Violet (CV) and Safranin (SR). Phytotoxicity
assessment confirmed that studied T:M at low con-
centrations had no inhibitory effects on Pisum sativum
(pea) seed germination, indicating its environmen-
tal compatibility for potential wastewater treatment
applications. The findings of this study establish the
developed method as an innovative approach for dye
removal from aqueous systems, demonstrating signifi-
cant potential as a sustainable alternative to conven-
tional organic solvents in LLE process.
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