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Current industrial gold extraction processes primarily rely on toxic solvents and additives, which, despite
their high efficiency, pose significant environmental and health hazards. Developing greener and more
sustainable alternatives is therefore essential. Deep eutectic solvents (DESs) have recently gained attention
as promising green solvents due to their tunable physicochemical properties and potential for selective metal
extraction. In this study, we introduce a novel type V DES composed of N,N-diethylbenzamide (DEBA) and
thymol (Thy), designed using COSMO-RS-predicted solid—liquid equilibrium phase diagrams to ensure
eutectic behavior. DEBA-Thy demonstrated outstanding selectivity for Au** across a broad concentration
range, achieving extraction efficiencies above 97%, while those of Pt*" and Pd*" remained below 10%. Slope
analysis indicated a 1:1 stoichiometry for the Au(DES) complex. Additionally, cytotoxicity testing showed
an ECso value of 72.09 pmol/L, suggesting lower toxicity compared to conventional solvents. These findings

support DEBA-Thy as a promising, sustainable solvent for selective gold recovery.

1. Introduction

Green chemistry has reshaped the way scientists approach chemical processes. Since Anastas and
Warner [1] introduced the 12 principles of green chemistry, there has been a concerted global effort to develop
sustainable alternatives that minimize hazardous waste [1-4]. According to Martins et al. [5], deep eutectic
solvents (DESs) are eutectic mixtures of a hydrogen bond acceptor (HBA) and a hydrogen bond donor (HBD)
that are stable in the liquid phase even when their eutectic temperatures are lower than those of their
individual components. In addition, DESs have emerged as promising candidates due to their low toxicity,
biodegradability, ease of synthesis, availability, and cost-effectiveness [6].

The increasing demand for precious metals has led to their recovery from various secondary resources,
such as electronic waste, spent catalysts, and permanent magnets [7-10]. Their co-occurrence in these
materials presents both an opportunity and a challenge for resource recovery [11-17]. DESs have emerged as
promising green alternatives to conventional solvents due to their ability to undergo specific interactions with
various metal ions, which makes them suitable candidates for multi-metal extraction systems [11-13].
However, the application of DESs in gold extraction is limited, with few studies available. Khuduwe et al.

[14] used ethaline (choline chloride and ethylene glycol) to leach gold from tailings, achieving a 71.9%
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extraction efficiency with significantly higher than that for conventional cyanidation (46.9%). In addition,
several studies on ethaline DESs have used additives such as Aliquat 336 [15], copper(Il) chloride dihydrate
[16], and tetra(2-ethylhexyl)malonamide [15] to enhance selectivity and performance. While these additives
can improve extraction efficiency, they may also introduce toxicity concerns [17], potentially compromising
the environmental benefits that DESs offer.

Therefore, DES-based gold extraction methods are essential to develop and maintain the
characteristics of a green solvent while achieving high extraction efficiency. Since DESs are mixtures of two
or more components, solid-liquid equilibrium (SLE) phase diagram data are essential to determine the
eutectic temperature, which is a key criterion for DES formation. However, designing new DESs through
experimental methods would be labor-intensive, costly, and time-consuming due to the large number of
possible component combinations [18,19]. To address this challenge, computational methods, particularly
quantum chemistry calculations, have become invaluable tools in accelerating solvent discovery before
considering their application in liquid—liquid extraction processes [20].

Beyond functional performance, ensuring the environmental and health safety of DESs is equally
important. A solvent that is effective but poses toxicity risks would contradict the principles of green
chemistry. Cytotoxicity analysis plays a crucial role in evaluating the biocompatibility of DESs, ensuring
they meet environmental and safety standards before large-scale adoption. Atashnezhad ef al. [21] conducted
cytotoxicity tests on selected DESs using the HEK-293 cell line. Furthermore, Ahmadi et al. [22] evaluated
the cytotoxicity of choline chloride-based DESs, confirming their safety for use in pharmaceutical and
environmental applications. By incorporating cytotoxicity evaluations into our study, we believe that the
selected DESs are both effective and safe for practical applications.

In this study, we designed a new green hydrophobic DES with high selectivity for Au®*, presenting a
comprehensive framework for the accelerated discovery of sustainable DESs for metal extraction. This
framework integrates computational chemistry with experimental validation through extraction performance
and cytotoxicity analysis. First, we identified nine HBAs and nine HBDs based on their potential to
effectively coordinate with gold ions. Second, we evaluated 81 DES combinations using SLE phase diagrams
to identify candidates with suitable eutectic temperatures (7¢). Third, we synthesized the selected DESs and
screened them based on their SLE phase diagram behavior and viscosity below 100 mPa-s, an important
criterion for industrial applicability [19]. Fourth, we performed gold extraction experiments to assess the
selectivity and efficiency of the selected DESs. Finally, to ensure environmental safety, we conducted
cytotoxicity analysis using the HEK-293 cell line. This approach offers both high performance and
sustainability, aligning with the core principles of green chemistry and demonstrating potential for industrial

application.

2. Methods
2.1 DFT and COSMO-RS
The Conductor-like Screening Model for Real Solvents (COSMO-RS) is a molecular modeling
approach that combines quantum chemistry and statistical thermodynamics to predict SLE phase diagrams
for solvents [23,24]. We began by designing the three-dimensional (3D) molecular structures of HBAs and
HBDs using TURBOMOLE software (TmoleX version 4.5). These structures were generated by inputting



their Simplified Molecular Input Line Entry Specification (SMILES) representations into the software.
Subsequently, geometry optimization was performed at the density functional theory (DFT) level using the
def-TZVP (triple-{ valence polarized) basis set and the generalized gradient approximation Becke—Perdew
(GGA-BP86) exchange—correlation functional [25,26]. To ensure numerical accuracy, the self-consistent
field density convergence threshold was set to 1 x 10 Ha. The optimized molecular structures were then
exported as COSMO files from TURBOMOLE and imported into the COSMOthermX tool for further
analysis. All calculated SLE phase diagrams have been deposited at the following link:
[https://doi.org/10.6084/m9.figshare.29146451.v1].
2.2 Materials

Lidocaine (purity 99%), choline chloride, and vanillin were purchased from Wako Pure Chemical
(Osaka, Japan). N,N-diethylbenzamide (DEBA; purity 99%), 1,8-cineole, diethanolamine, phenol, 1,8-
octanediol, imidazole, 2-naphthol, urea, acetamide, bis(2-pyridylmethyl)amine, histidine, L-serine, thymol
(Thy), diethanolamine, HCI (5 and 10 mol/L), H2SO4 (5 mol/L), and dimethyl sulfoxide (DMSQO) were
purchased from Kishida Chemical (Osaka, Japan). Standard solutions of Au**, Pd**, and Pt** (1000 mg/L),
toluene, and low-glucose Dulbecco’s Modified Eagle Medium (D-MEM) were purchased from Wako Pure
Chemical (Osaka, Japan). Fetal bovine serum (FBS) and antibiotic—antimycotic were purchased from
Thermo Fisher Scientific (Waltham, MA). A WST-8 cell counting kit was purchased from Dojindo Molecular
Technologies (Kumamoto, Japan), and the HEK-293 mammalian cell line was provided by the RIKEN Cell
Bank (Tsukuba, Japan).
2.3 Preparation of selected DESs

The selected DESs were synthesized by combining HBAs and HBDs in molar ratios determined based
on SLE phase diagrams generated from COSMO-RS calculations. The candidate HBAs and HBDs are
presented in Table 1. Each DES was prepared by accurately weighing the HBA and HBD components using
an analytical balance with a precision of +0.1 mg. The components were mixed in a 10 mL glass bottle and
heated with continuous magnetic stirring at temperatures ranging from 25 to 80 °C at 650 rpm, depending on
the melting points of the individual components, until a homogeneous and transparent liquid was formed.
The heating duration varied between 15 min and 2 h, ensuring complete dissolution and interaction between
the components [27,28]. Upon achieving a uniform liquid, the mixture was allowed to cool to room
temperature under ambient conditions. No additional purification steps were necessary, as the synthesis
process did not involve any side reactions or by-products [29].
2.4 Density and viscosity measurement

The density of the selected DESs was measured using a DMA 35 Version 4 digital density meter
(Anton Paar GmbH, Graz, Austria), while viscosity was determined using a Lovis/ME 2000 viscometer from
the same manufacturer. All measurements were performed at a controlled temperature to ensure consistency
and minimize external influences.
2.5 Hydrophobicity test

The hydrophobicity test was performed by mixing each DES with water in a 1:1 volume ratio inside
a polypropylene tube, using vortex mixing to achieve equilibrium at room temperature (298.15 K). The
mixture was then centrifuged at 10,000 g for 2 min at the same temperature to separate the organic and

aqueous phases.



Table 1. Candidate HBAs and HBDs.

Chelating agent Chelating agent
HBA HBD
to metal to metal
Lidocaine Amide (-CONH-), Tertiary Vanillin Hydroxyl (-OH), Aldehyde
Amine (-CHO), Ether (-OCHs)
(-N(CHa)2)
N,N-Diethylbenzamide =~ Amide (-CONH-), Aromatic Thymol Hydroxyl (-OH), Isopropyl
ring (-CsH»)
Acetylcholine chloride  Ester (-COO-), Quaternary Diethanolamine  Secondary Amine (-NH),
Ammonium (-N*(CHs)s3) Two Hydroxyl (-OH)
1,8-Cinole Ether (-O-) Phenol Hydroxyl (-OH)
Acetamide Amide (-CONH>) 1,8-Octanediol =~ Two Hydroxyl (-OH)
Bis(2-pyridylmethyl) Two Pyridine (-CsHsN) Imidazole five-membered  aromatic
amine Rings, Amine (-NH-) heterocycle containing two
nitrogen atoms
Choline chloride Hydroxyl (-OH), Quaternary 2-Naphthol A hydroxyl (-OH) group at
Ammonium (-N*(CHs)s3) position 2
Histidine Amino (-NH.), Carboxyl (- Thiourea Thione (-C=S), Amine (-
COOQO"), Imidazole (-CsN2Ha) NH>)
L-Serine Amino (-NHz), Carboxyl (- Urea Amide (-CONHz)

COO0"), Hydroxyl (-OH)
2.6 '"H NMR and FTIR analysis

The synthesized DESs were characterized using proton nuclear magnetic resonance (‘H NMR)

spectroscopy (ECZ400S, JEOL, Tokyo, Japan) and Fourier-transform infrared (FTIR) spectroscopy
(Spectrum Two, PerkinElmer, Waltham, MA, USA). FTIR spectra were recorded over the range of 500—
4000 cm™!, accumulating four scans per sample to analyze intermolecular interactions.

The 'H NMR measurements were conducted with 64 scans per sample. Chemical shifts were
referenced to the residual proton signals of the deuterated solvents: 4.79 ppm for D,0, 7.26 ppm for CDCl;,
and 2.50 ppm for DMSO-ds [30,31]. The deuterated solvents [32] used for sample preparation were selected
based on the solubility of the DES components:

a) D»O for lidocaine—vanillin

b) D»O for acetylcholine chloride—diethanolamine.

c¢) CDCI; for DEBA-Thy.

d) DMSO-ds for choline acetate.

2.7 DSC analysis

The thermal behavior of the synthesized DESs was evaluated using a differential scanning calorimeter
(DSC) (XDSC-7000, HITACHI, Ibaraki, Japan). Approximately 10 mg of each sample was accurately
weighed and hermetically sealed in an aluminum pan to prevent moisture absorption and contamination.

The DSC measurements were conducted to investigate the melting and solid—liquid phase transitions



of the DESs, guided by eutectic temperatures predicted from COSMO-RS SLE phase diagrams. The
temperature program consisted of the following steps:

a) Cooling from 30 °C to 0 °C

b) Further cooling from 0 °C to —80 °C

¢) Heating from —80 °C to 0 °C

d) Final heating from 0 °C to 30 °C

Each heating and cooling segment was performed at a rate of 5 °C/min. A dry nitrogen purge gas was
employed throughout the DSC analysis to maintain an inert atmosphere and prevent oxidative degradation.
The nitrogen purge was maintained at a flow rate of 50 mL/min and a pressure between 100 and 140 kPa
gauge (15-20 psig), consistent with standard DSC operating conditions.
2.8 Metal extraction

Aqueous metal solutions containing 5, 50, and 150 mg/L of Au**, Pd?*, and Pt* were prepared from

their respective 1000 mg/L standard solutions and adjusted to discrete pH values of 1, 3, and 5 using HCI and
H2SOs. The pH was measured with a pH meter (HM-30R, DKK-TOA, Tokyo, Japan). The volume ratios of
organic to aqueous phases (O/A) were varied systematically as 1:1, 1:2, 1:3, 1:5, 1:7, 1:8, 1:10, 1:15, and
1:20 to identify the optimum extraction conditions. All experiments were conducted in 15 mL polypropylene
tubes with a total working volume of 10 mL. The tubes were mechanically shaken at 160 rpm for 5 min to 6
h at room temperature (298.15 K), followed by centrifugation (TOMY SEIKO Co., Ltd., Tokyo, Japan) with
a 21 mm rotor at 10,000 g for 5 min to separate the two phases. The organic layer was carefully separated,
and the metal concentrations in the aqueous phase were measured using an inductively coupled plasma optical
emission spectrometer (Optima 8300, PerkinElmer Co., Waltham, MA). The extraction efficiency (%FE) and

distribution ratio (D) were calculated as follows:

oo = M ~MLy 4550, (1)
D= [M]init - [M]eq (2)
[M]

eq

where [M]init and [M]eq represent the concentrations of metal ions before and after extraction, respectively.
2.9 In vitro cytotoxicity assay

The in vitro cytotoxicity of selected DESs was assessed using the HEK-293 cell line [21]. HEK-293
cells in D-MEM medium (D-MEM containing 10% (v/v) FBS and 1% (v/v) antibiotic—antimycotic) were
seeded at a density of 5,000 cells per well in a 96-well plate (Greiner Bio-One GmbH) and incubated in a
CO; incubator at 37°C for 24 h. The culture medium was then supplemented with DESs at varying
concentrations in reduced serum medium (OPTI-MEM). Cells were exposed to the treatment for 24 h, after
which the medium was removed, and the cells were washed with Dulbecco’s Phosphate-Buffered Saline (D-
PBS) (Nacalai Tesque, Inc., Kyoto, Japan). Subsequently, 100 pL of WST-8 [33] cell counting kit solution
(Dojindo Molecular Technologies, Inc., Rockville, MD, USA) in OPTI-MEM was added to each well,
followed by incubation for 3 h at 37°C. The absorbance of WST-8 formazan was measured at 450 nm using

a microplate reader (Bio-Tek Instruments, Inc., Winooski, VT, USA). Untreated cells maintained under



identical conditions served as controls. Cell viability was calculated using eq. (3).

Cell viability(%) = (mj x100% (3)
control blank
where Aest, Acontrol, a0d Aplank correspond to the absorbance values of the wells containing DESs, the solvent
control (0.5% v/v ethanol or 0.5% v/v DMSO), and the solvent without HEK-293 cells, respectively. The
half-maximal effective concentration and inhibitory concentration (ECso and ICsp) [34] in solvent extraction
for cytotoxicity evaluation have the same meaning and were calculated using Prism-GraphPad 6.0 (Dotmatics,
Boston, MA) based on eq. (4) [34]. The average of the estimates of the minimum (a) and maximum (d) equals
the 50% response, that is, the relative ECso or ICso. The steepness of the linear portion of the curve is

described by the slope factor b, and the parameter ¢ is the concentration corresponding to the response
midway between a and d.

1
— 500 b
EC,, or IC, = c( a—50% responseJ @)

50% response —d

3. Results and Discussion
3.1 Screening DES combinations using SLE phase diagrams

We first performed a screening process to identify novel DESs using COSMO-RS calculations to
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Figure 1. SLE-phase diagrams of (a) lidocaine—vanillin (Lid-Van), (b) N,N-Diethylbenzamide—thymol
(DEBA-Thy), and (c) acetylcholine chloride—diethanolamine (AChCI-DEA).



evaluate the eutectic temperatures of 81 HBA-HBD combinations. For the complete SLE phase diagrams for
all combinations, please refer to Section 2.1. Figure 1(a—c) presents the screening results. The mixtures with
eutectic temperatures 7. (representing the melting temperature (7)) below 298.15 K include acetylcholine
chloride—diethanolamine (AChCI-DEA), shown in Figure 1(c), which reached a 7. of 168.55 K with a
eutectic mole fraction (x¢) of 0.85472. In contrast, the DES formed by lidocaine—vanillin (Lid-Van) (Figure
1(a)) exhibited 7. of 251.8 K with x. of 0.6282, while the DES of DEBA-Thy (Figure 1(b)) showed a similar
T, of 281.3 K and x. of 0.49815. Figure 1(a—c) also illustrates the 3D structures of the HBAs and HBDs in
each DES. Additionally, the activity coefficients (In(y)) of Lid-Van, DEBA-Thy, and AChCI-DEA are —21.99,
—184.35, and —41.19, respectively, further confirming the intermolecular interactions between the HBA and
HBD in the DES system.

To validate the predicted melting temperatures of the selected DESs, we also conducted experimental
measurements using DSC. The predicted and experimental values of 7Ty, were in good agreement, as shown
in Table 2. For Lid-Van, the difference between the predicted and measured melting temperatures was 0.76
K. In contrast, DEBA-Thy exhibited a larger difference of 4.15 K. For AChCI-DEA, the predicted melting
temperature was 168.55 K, while the experimental value was expected to be below 193.5 K due to the lower

detection limit of the DSC measurement method.

Table 2. Comparison of melting temperature of selected DESs between prediction and experiment results.

Selected of DES
HBA HED Tm by Prediction (K) Tm by Experiment (K)
Lidocaine Vanillin 245.94 245.18
N,N-Diethylbenzamide Thymol 218.30 214.15
Acetylcholine Chloride Diethanolamine 168.55 <193.15

3.2 Synthesis of DESs

As a validation step following the eutectic temperature predictions by COSMO-RS, we synthesized
81 DES candidates. Among them, only three formed a stable liquid phase at 298.15 K. Table 3 shows the
results of hydrophobicity tests for mixtures 1-3 to determine their suitability for the metal extraction method
(Figure 2(a—f)). The DESs Lid-Van and AChCI-DEA formed a stable, immiscible phase when mixed with
aqueous metal solutions. In contrast, DEBA-Thy exhibits two-phase formation behavior. Furthermore, the
intermolecular interactions were confirmed by comparing the FTIR and 'H NMR spectra of the DES, HBA,

and HBD compounds, as shown in Figures 3 and 4, respectively.

Table 3. Screening results of Mixtures HBA/HBD by COSMO-RS at their phases in room temperature

Selected of DES Phase at Molar Temperature
Hydrophobicity
HBA HBD 298.15K fraction synthesis (K)
Lidocaine Vanillin Liquid 2.1:1 Immiscible formation 378.15
N,N-Diethylbenzamide Thymol Liquid 1:1 Two phase formation 300.15
Acetylcholine Chloride  Diethanolamine  Liquid 6:1 Immiscible formation 318.15




(c)

Figure 2. Photographs of the synthesized DESs: (a) Lid-Van, (b) DEBA-Thy, and (c) AChCI-DEA, along
with hydrophobic/hydrophilic behaviour tests of the DESs:
(d) Lid-Van, (e) DEBA-Thy, and (f) AChCI-DEA.

The formation of Lid-Van was also confirmed by FTIR spectroscopy (Figure 3(a)). Notable spectral
shifts indicate hydrogen bond formation between the constituent molecules. The N—H stretching vibrations
of lidocaine, originally observed at 3,451 and 3,385 cm !, exhibit both shifts and intensity variations in the
DES spectrum, confirming intermolecular interactions. Additionally, the aldehyde C—H stretching band of
vanillin, typically appearing at 2,727 cm ™!, undergoes modifications, suggesting interactions with lidocaine.
Further evidence is provided by alterations in the C=O stretching peak of lidocaine at 1,655 cm™!, which
further confirms the presence of strong hydrogen bonding within the DES structure.
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In addition, the formation of DEBA-Thy was validated through FTIR analysis (Figure 3(b)). The O-
H stretching band of Thy, detected in the range of 3,200-3,500 cm™!, exhibits broadening and shifting in the
DES spectrum, indicative of hydrogen bond formation with DEBA. Additionally, the C=0O stretching
vibration of DEBA, initially observed at 1,645 cm™!, shows modifications in intensity and position, further
supporting molecular interactions. The appearance of new spectral features and shifts in the DES spectrum
confirm the successful formation of a stable eutectic mixture through hydrogen bonding.

Moreover, AChCI-DEA (Figure 3(c)) also confirms strong hydrogen-bonding interactions between its
components. The individual spectra of acetylcholine chloride and diethanolamine show characteristic O—H
and N-H stretching vibrations within 3,200-3,500 cm™!, along with C—O and C-N stretching vibrations
within 1,000-1,500 cm'. Significant broadening and shifting in the O-H and N-H regions upon DES
formation indicate enhanced hydrogen bonding, while alterations in C—O and C-N vibrations suggest

structural reorganization within the DES network.
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Figure 4. Comparison of "H NMR spectra of selected DESs using chloroform-d, DMSO-ds, and D,O.

The '"H NMR spectra (400 MHz, CDCl; DMSO-ds, and D,0) confirm the formation of DES through
chemical peak shifts and broadening, indicating strong intermolecular interactions. For DEBA-Thy (Figure
4(a)), the hydroxyl (-OH) proton of Thy (6 4.77) shifts significantly, suggesting hydrogen bonding with the
carbonyl (C=0) group of the HBA. Aromatic protons (6 6.5—7.4) show downfield shifts and broadening,
indicating n—n (aromatic ring stacking) interactions, while methylene (-CH») and methyl (-CH3) groups show
slight shifts, supporting dipole—dipole interactions.

In Lid-Van (Figure 4(b)), the aldehyde proton of vanillin (6 9.81) broadens and shifts downfield due
to hydrogen bonding with the amide (-NH) group of lidocaine. Aromatic signals (6 7.0-7.4) shift and broaden,
suggesting n—7 interactions, while the methoxy (-OCH3) and aliphatic (-CH3) groups show slight reductions



in electron density, confirming dipole—dipole interactions. Furthermore, for AChCI-DEA (Figure 4(c)), the
downfield shift of methylene (-CHz) protons (6 3.90-3.32) and the broadening of peaks at 6 4.67 and 6 3.61
indicate hydrogen bonding and ionic interactions between the quaternary ammonium (-N*CH3) group of
acetylcholine chloride and the hydroxyl (-OH) groups of diethanolamine. Downfield shifts at 6 1.99 and 6
1.73 further support the stabilization of the DES through hydrogen bonding and electrostatic interactions.
3.3 Characterization of selected DESs

The density of a mixture is primarily governed by two factors, the molecular packing of its constituent
components and the intermolecular interactions among them [35]. As shown in Table 4, the densities of the
synthesized DESs span a relatively wide range (0.990-1.222 g/cm?). From a solvent design perspective, this
variability is advantageous, offering greater flexibility in selecting solvents tailored to specific application
requirements. In ionic-based DESs, an increase in the cation alkyl chain length typically leads to a decrease
in density, as illustrated by the AChCI-DEA system. Additionally, the length of the HBD chain significantly
affects the density of DESs [36]. DESs with longer HBD chains, such as DEBA-Thy, tend to exhibit lower
densities, whereas those with shorter chains, such as Lid-Van, generally show higher densities, as confirmed
by our experimental measurements. This trend aligns with the general observation that longer alkyl chains in
HBD components create a more loosely packed molecular structure, thereby reducing the overall density.

Viscosity plays a crucial role in determining the practical applicability of DESs in industrial liquid—
liquid extraction systems. High-viscosity solvents often inhibit mass transfer, slow down extraction kinetics,
and increase energy consumption during pumping and processing [37-40]. The viscosity of the synthesized
DEBA-Thy DES was measured to be 37.7 mPa-s at 298.15 K; previous studies suggest that DESs with
viscosities below 100 mPa's are generally considered suitable for industrial applications due to their
improved handling and operational efficiency [19,37,38]. The relatively low viscosity of DEBA-Thy
enhances metal ion transport and promotes efficient phase separation, both of which are essential for

optimizing continuous-flow extraction systems.

Table 4. Density and Viscosity of DES

DESs Density (g/cm?) Viscosity (mPa-s)
Lid-Van 1.099 2049
DEBA-Thy 0.9905 37.7
AChCI-DEA 1.2223 369.4

3.4 Metal extraction

Figure 5 illustrates the effect of the O/A phase ratio on the extraction efficiency (%E) of Au**, Pt**,
and Pd*" using the hydrophobic DEBA-Thy DES for different acid types using H>SO4 (Figure 5(a)-(c)) and
HCI (Figure 5(d)-(f)) at pH values of 1, 3, and 5. As shown in Figure 5, the O/A phase ratio of 1:5 yielded
the best extraction performance and was therefore adopted for subsequent experiments. Notably, the
extraction efficiency of Au** reached 97% in H2SOs and 92.8% in HCI after 2 h of contact time, with
distribution ratios (D) exceeding 200, demonstrating the high affinity of gold ions at DEBA-Thy under these

conditions.
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Figure 5. Effect of O/A on extraction efficiency for each pH and acid after 2 h (5 ppm metal solution):
(a) H2SO4, pH 1, (b) HaSO4, pH 3, (c) H2SO4, pH 5, (d) HCL, pH 1, (e) HCL, pH 3, and (f) HCI, pH 5.

Furthermore, the effect of acid strength on extraction efficiency was examined using H.SOa. at pH
values of 1, 3, and 5, as shown in Figure 6. Gold extraction efficiencies were consistently high across all pH
levels, with the highest selectivity (97.01%) observed at pH 5, indicating effective coordination of Au** ions
even under mildly acidic conditions. In contrast, the extraction efficiencies of Pt*" and Pd** remained
considerably lower than that of Au®*" under all pH conditions. This trend highlights the effectiveness of pH
control using H2SO4 for selective gold extraction and is further supported by the markedly higher distribution
ratio of Au** (D > 370 at pH 1), suggesting that the sulfate medium promotes favorable coordination and

enhances the solubility of metal-DES complexes [41].
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Figure 6. Effect of H,SO4 pH on extraction efficiency (%E) of Au*", Pt*', and Pd** (O/A ratio = 1:5, T =
298.15 K).

Figure 7 illustrates the extraction efficiency (%F) of Au**, Pt**, and Pd** from aqueous solutions using
DEBA-Thy under mild conditions (O/A= 1:5, pH 5, 5 ppm metal)). Au®* demonstrated exceptional extraction
performance, achieving over 95.68% efficiency in just 5 min and maintaining a consistent extraction
efficiency of 97.33% throughout the 6-h duration. This rapid and sustained extraction of Au*" indicates a
strong affinity between gold ions and DEBA-Thy, likely facilitated by coordination with the amide carbonyl
group and possible m—r interactions involving the aromatic rings of both DEBA and Thy.

In contrast, the extraction efficiencies for Pd** were markedly lower, reaching only about 12% even
after extended contact times. Pt** exhibited the least affinity for the DES, with extraction efficiencies
consistently below 2% throughout the experiment. These findings underscore the pronounced selectivity of
DEBA-Thy for Au** over Pd*" and Pt**, which is particularly advantageous for the selective recovery of gold
from complex, multi-metal solutions. The distinct disparity in extraction efficiencies highlights the crucial
influence of the DES’s chemical structure and the unique coordination chemistry of Au* ions.

Figure 8 illustrates the extraction performances of Au®", Pt*", and Pd’** using the DEBA-Thy system
over a 4-h contact time at initial metal concentrations of (a) 50 ppm and (b) 150 ppm. At the lower
concentration (Figure 8(a)), Au®* demonstrated exceptional extraction efficiency, exceeding 95% throughout
the duration, highlighting the DES’s strong affinity and selectivity for gold even in mixed-metal solutions.
Conversely, the Pt* and Pd** extraction efficiencies remained below 10%, indicating negligible interference

and confirming the highly selective nature of the DEBA-Thy toward Au®* under these conditions.

100%
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Figure 7. Extraction efficiency (%E) of Au*", Pd**, and Pt* using DEBA-Thy (O/A ratio of 1:5, HSOu,
pH 5, 2 h, 5 ppm metal, 7= 298 K).
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Figure 8. Extraction efficiency (%E) of Au**, Pd**, and Pt* using DEBA-Thy (O/A ratio of 1:5, HSO4, pH
5,2 h, T=298 K), and (a) 50 ppm and (b) 150 ppm of metal solution.

When the initial metal concentration was increased to 150 ppm (Figure 8(b)), the Au** extraction
efficiency remained above 90% despite the higher metal load. This demonstrates the robustness of the DES
system in maintaining strong selectivity and extraction efficiency for Au’* even under increased
concentrations and potential competitive effects. Although the extraction efficiencies for Pt*" and Pd*"
slightly increased (to up to 20%) at 150 ppm, likely due to improved mass transfer at elevated solute levels,
the DES system still clearly preferentially coordinates and extracts Au®* over these metals.

3.5 Extraction mechanism

To better understand the interaction between DEBA-Thy and gold ions during extraction, UV—Vis and
FTIR spectroscopy analyses were conducted before and after the extraction process, in Figure 9(a) shown
the shift of UV—Vis analysis indicates that the gold ion remains in its original chemical form but experiences
a different local environment due to coordination with DES molecules. Collectively, these spectroscopic
findings suggest that gold is selectively extracted into the DES phase primarily through non-covalent
interactions, such as hydrogen bonding and ion pairing, without alteration of the gold complex’s chemical
structure. The characteristic absorbance peak of the gold ion, typically observed at 314 nm, exhibited a slight
redshift to 318 nm after extraction into the DES.

(a) 1.15 F

—Au@DEBA-Thy

0.95 —Au(IlI)

075
0.55

Abs

0351 314

20.05_F .
280 330 380 430 480 1609

2959

........

-0.25

Wavelength (nm) 3450 2450 1450 450
—DEBA-Thy —Au@DEBA-Thy

Figure 9. (a) UV-Vis spectra of Au(Ill) and Au@DEBA-Thy; (b) FTIR spectra of Thy-DEBA and
Au@DEBA-Thy.

Furthermore, Figure 9(b), the FTIR spectra exhibit the C—H stretching vibration of the alkyl groups

shifted from 2,959 to 2,970 cm™, indicating subtle changes in the local molecular environment due to
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interaction with gold ions [42,43]. The amide C=O stretching band moved slightly from 1,609 to 1,612 cm™!,
suggesting weak coordination or hydrogen bonding between the DEBA-Thy and Au’* ions [42,43].
Additionally, the aromatic ring vibration exhibited a minor shift from 1,478 to 1,476 cm™', which may reflect
m-interactions or minor conformational changes within the DEBA-Thy structure following gold extraction
[42,43]. Based on these experimental observations, the extraction mechanism likely proceeds via the

following ion-association pathway [42,43].

[DES]yrganicy + H' + AuCl 22 [HDES)J[AuCL, ] yrganic) 5)

(aqueous) (aqueous)

Figure 10 presents the slope analysis for gold extraction using DEBA-Thy dissolved in toluene at pH
5 with a 2-h contact time. The plot of log D versus log[DEBA-Thy] concentration yielded a slope of
approximately 0.9, indicating a near 1:1 stoichiometric interaction between gold ions and DES molecules (eq.
(5)). Control experiments demonstrated that toluene alone does not extract Au’**, underscoring the critical
role of DEBA-Thy in the extraction process. This stoichiometric relationship confirms that DEBA-Thy

components actively complex with gold ions in the toluene phase, driving the selective extraction.
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Figure 10. Slope analysis for extraction of [Au**] = 150 ppm under using DEBA-Thy under various
concentrations at an initial pH of 5 with H>SO4 for 2 h, 7= 298.15 K with an O/A ratio of 1:5.

3.6 Cytotoxicity profiles

In the pursuit of environmentally sustainable methods for gold extraction, DESs have emerged as
promising alternatives to conventional solvents. The cytotoxicity of the synthesized DESs was evaluated by
determining their ECso values, which were found to be 72.09, 51.66, and 33.02 pmol/L for DEBA-Thy, Lid-
Van, and AChCI-DEA, respectively (Figure 11). To assess their biocompatibility, these ECsg or ICso values
were compared with those of previously reported DESs and conventional extractants using the HEK-293
human cell line, as summarized in Table 5. The higher ICso values observed for the prepared DESs indicate
their lower cytotoxic potential, suggesting that these formulations could be safer for humans and animals.

Among the solvents tested, DEBA-Thy exhibited the highest ECso value, indicating the lowest
cytotoxicity and thus the greatest biocompatibility. This finding underscores its strong potential for
environmentally conscious gold extraction applications. By comparison, choline chloride—ethylene glycol, a

DES previously employed in gold extraction, showed moderate cytotoxicity with an ECso of 62.71 pmol/L.
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However, those studies often involved the use of toxic co-solvents, such as copper(Il) chloride dihydrate and
Aliquat 336, to enhance extraction efficiency. These co-solvents exhibited substantially lower ECsy values of

0.022 and 2.60 umol/L, respectively, reflecting their significantly higher toxicity.
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Figure 11. Dose-response curves for cytotoxicity assays of selected DES. The dashed vertical lines

indicate ECsg values, representing the concentration at which cell viability is reduced by 50%.

Table 5. Comparison of ECso/ICsq values for the present DESs and other solvents.

Solvent ECso /ICs0 (umol/L) Ref
Choline Chloride-Raffinose 3.52 [22]
Choline Chloride-Glucosamine 4.51 [22]
Choline Chloride-Mannose 8.23 [22]
Choline Chloride-Sorbitol 11.76 [22]
Choline Chloride-Xylose 13.07 [22]
Choline Chloride-Ethyleneglycol 62.71 [22]
Copper(Il) Chloride Dihydrate 0.022 [45]
Aliquat 336 2.6 [17]
Cyphos 104 0.9 [17]
Lid-Van 33.02 This study
DEBA-Thy 72.09 This study
AChCI-DEA 51.66 This study

4. Conclusion
In this study, which builds on our previous screening of DES candidates, DEBA-Thy was identified
as a promising solvent based on COSMO-RS predictions of SLE phase diagrams, then validated by

experimental results. Predictive modelling demonstrated high accuracy and strong agreement with
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experimental data, highlighting its reliability in DES design and performance evaluation. DEBA-Thy
remained stable in the liquid phase at room temperature and exhibited excellent gold extraction efficiency,
while the extraction of Pd** and Pt** remained minimal under the same conditions. Furthermore, DEBA-Thy
exhibited low cytotoxicity, supporting its potential as a highly promising green solvent system for the

efficient and sustainable recovery of gold from complex mixtures.
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