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Hydrophobic deep eutectic solvents (HDESs) are increasingly recognized as green alternatives to traditional
organic solvents in extraction, catalysis, and polymer processing; however, their long-term stability remains
poorly understood. This study investigated the critical gap in systematically characterizing the effects of
long-term storage on four thymol-and tetraoctylammonium bromide (TOAB)-based HDESs with
decanoic (C10) and dodecanoic (C12) over 20 weeks of storage. Weekly comprehensive measurements
and characterization techniques were used to monitor changes in both bulk properties and molecular
Thermal stability was evaluated using differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA), which consistently showed onset decomposition temperatures

structures.

between 136 °C and 205 °C across all four solvents, with a variation of £2.77 °C over the 20-week
storage period. TOAB- based systems exhibited superior thermal stability, likely due to ionic hydrogen
bond networks. Thermodynamic analysis revealed that molar excess Gibbs free energy values satisfied

the non-ideality criterion <§< —1/3) , and activity coefficients remained well below unity throughout
the study, confirming strong intermolecular interactions and eutectic integrity. Fourier-transform infrared
(FTIR) spectra showed consistent features with no signs of chemical degradation or moisture-induced
structural changes. The Cl2-based systems undergo reversible room temperature crystallisation
attributed to segregation of a fatty-acid-rich solid phase; this microphase separation
modifies processability but not the underlying eutectic chemistry. Density (0.88-0.95 g cm™>), viscosity
(18-85 mPa s @ 25 °C), and apparent pH remain within the acidic range expected for carboxylic acid-

based HDESs, with observed fluctuations attributed mainly to the known limitations of glass electrodes in
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Accepted 25th April 2026 low conductivity media rather than genuine chemical change. These findings demonstrate that TOAB-

and thymol-based HDESs are thermally and chemically stable during the storage period. This research
DOI: 10.1039/d6ra01230f contributes to an important knowledge gap in green solvent technology and supports their further

rsc.li/rsc-advances development from laboratory research to industrial applications.

constituents.**” Within this broad family, natural deep

eutectic solvents (NADES) often comprising of natural metab-

1. Introduction

Deep eutectic solvents (DESs) are a class of designer liquids
formed from the interaction of two or more components;
specifically, a hydrogen bond donor (HBD) and a hydrogen
bond acceptor (HBA), which uniquely interact through strong
hydrogen bonding to generate an eutectic mixture with
a melting point below that of the individual components.'
They are considered green alternatives to conventional volatile
organic solvents such as tetrahydrofuran (THF) and di-
chloromethane (DCM), because they have negligible vapour
pressure, offer tunability of polarity, viscosity, and solvating
power, and cost-effective production, often with bio-derived
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olites such as those based on sugars (for example, glucose:
fructose: water, and sucrose-based mixtures) or amino acids
(like proline: glycerol, glycerine: glycerol systems) are generally
reported to exhibit low toxicity, good biocompatibility and ease
of preparation, which has led to their growing use in pharma-
ceutical and biomedical applications.®*** At the same time,
many commonly studied DES are hydrophilic: they are highly
polar, strong water miscible, and can display relatively high
viscosities, features that are advantageous for certain separa-
tions and catalytic processes but also introduce important
limitations.>**>*

Hydrophilic DESs perform well in applications that exhibit
their polarity and water miscibility, such as the extraction of
polar compounds, electrochemistry, and catalysis, and they

© 2026 The Author(s). Published by the Royal Society of Chemistry
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retain their properties, such as non-flammability (due to very
low pressure), chemical stability, biodegradability, and
biocompatibility.*** However, their strong affinity for water can
hinder phase separation, complicate solvent recovery, and limit
their importance in biphasic systems, while their high viscosity
can cause mass-transfer limitations. These drawbacks
encourage the development of alternative eutectic formulations
that preserve the green credentials of DESs while offering lower
water miscibility and more favourable characteristics for
hydrophobic systems.'*'® In addition, earlier research mainly
focused on hydrophilic choline chloride-based DESs, examining
water-related phenomena such as compositional drift, moisture
absorption, and hydrogen-bond reorganization during acceler-
ated aging or repeated use.'®*® Those studies usually investigate
a single property (e.g., conductivity or viscosity) over short
periods (days or weeks) and rarely explore hydrophobic
formulations. On the other hand, the long-term stability and
shelf-life of hydrophobic DESs, especially thymol- and
tetraoctylammonium-based HDES, remain largely undocu-
mented despite their increasing use in catalysis, extraction, and
polymer processing.'*

Hydrophobic deep eutectic solvents (HDESs) have emerged
as alternatives. They are typically synthesized from at least one
component with a long alkyl chain (for example, fatty acids or
natural terpenes such as thymol and menthol), which imparts
macroscopic hydrophobicity and low aqueous solubility to the
mixture. Like other DESs, HDESs are characterised by
pronounced eutectic depression of the melting point, extensive
hydrogen-bonded networks, and the ability to tailor properties
such as hydrophobicity, viscosity, and solubility by varying the
HBA/HBD identities and molar ratios.>'>** Their immiscibility
with water and many aqueous phases enables phase separation
and facilitates their use as extraction media, particularly for
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non-polar organic compounds, pigments, pesticides, volatile
fatty acids, and poorly water-soluble drugs.'***> Based on these
qualities, HDESs effectively address the key limitation attrib-
uted to hydrophilic DESs, especially their water miscibility,
while maintaining the environmental benefits associated with
DESs more broadly.**** For example, fatty acids and natural
terpenes contribute to water immiscibility by forming distinct
phases in aqueous solutions.™

Some of the industrial applications of HDEs, as shown in
Fig. 1, are: (i) applied in the polymer processing and material
science for polymer degradation, modification, and to synthe-
size functional polymeric materials like films, composites, and
gel>* (ii) extraction of organic compounds and metal ions,
where they are used in liquid-liquid extraction to isolate high-
value compounds like pharmaceuticals and bioactive mole-
cules from complex mixtures, wastewater, and natural prod-
ucts."*** (iii) used as solvents and media for organic synthesis
and multi-component reactions in green synthesis and catalysis
applications® (iv) used to extract valuable antioxidants, colours,
flavours, and other components from agricultural sources in the
agriculture and food industry.** (v) conversion processes for the
production of platform chemicals like 5-hydroxymethylfurfural
from biomass in biorefineries and biomass valorization.**

Despite the advantages, understanding the long-term
stability and shelf life of HDESs remains limited. Research
has mainly focused on initial physicochemical properties, often
ignoring changes during extended storage.'* However, there is
a lack of published studies that investigate or examine the
stability of hydrophobic DESs. Therefore, it remains uncertain
whether HDESs retain their properties after preparation and
prolonged storage. This uncertainty hinders the transition of
these HDESs from laboratory demonstration to commercial use,
where process performance is reliant on long-term stability.
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Fig. 1 Industrial application and relevance of HDESs.
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Table 1 Chemical suppliers and properties®
Chemical reagent Role in DES formation Class Supplier Purity
(TOAB) [CH3(CH,);]4NBr Hydrogen bond acceptor Ionic hydrophobic VWR internationals >98%
(HBA) (quaternary ammonium
salts) with long alkyl chains
Thymol C;oH;4,0 Hydrogen bond acceptor Terpenes Sigma Aldrich >98%
(HBA)
Dodecanoic acid C;,H,,0, Hydrogen bond donor (HBD) C12-carboxylic acid & Thermo Scientific chemicals 98%
a saturated fatty acid
Decanoic acid C1oH00, Hydrogen bond donor (HBD) C10-carboxylic acid & Fisher Scientific limited 99%

a saturated fatty acid

“ Nitrogen gas (N5.5) with 99.9995% purity, which is used for the thermal analyses and density measurement, was supplied by BOC.

The present work fills the gap by providing a 20-week, time-
resolved multi technique assessment of four industrially rele-
vant (Fig. 1) HDESs (thy: C10, thy: C12, TOAB: C10, TOAB: C12),
combining viscosity, apparent pH, density, FT-IR, DSC, TGA and
derived thermodynamic parameters (activity coefficients and
excess molar Gibbs free energy). This combination of hydro-
phobic formulations, durations, and thermodynamic analyses
enables the process to quantitatively identify which solvent
properties are robust to storage and which are sensitive to
structural reorganisation or partial crystallisation.

This study focused on the evolution of (i) bulk properties that
govern handling and transport (density, viscosity), (ii) opera-
tional stability metrics (onset decomposition temperature, DSC
transition temperatures), (iii) molecular structure (FT-IR), and
(iv) thermodynamic descriptors of non-ideality and eutectic
integrity (activity coefficients v; and reduced excess Gibbs free

energy If—T) Mechanistically, any storage-induced changes in

these variables would indicate, respectively, changes in packing
efficiency or micro-void formation, reorganisation of hydrogen-
bond/ionic networks, moisture uptake, or partial demixing of
HBA and HBD.>**’

2 Materials & methods
2.1 Materials

The chemicals used in this study are listed in Table 1. All were of
analytical grade and were used as received without further
purification and were stored in sealed containers at room
temperature, away from light and humidity.

2.2 Preparation of HDESs

The HDESs were synthesized by direct heating and stirring. The
specific molar ratios correspond to their eutectic point, the
combinations of which are shown in Fig. 2. Thymol : decanoic
acid (C10) and thymol : dodecanoic acid (C12) were weighed in
the molar ratio 1:1 to enable stable and homogeneous liquid
formation, as in other experimental studies.”®** TOAB: C10 and
TOAB: C12 were mixed in a 1:2 molar ratio. The weighed
components were transferred to a beaker with a magnetic stirrer
bar, and the mixture was heated to 60 £ 2 °C using a hot plate.
Continuous stirring was maintained at 200 rpm until
a homogenous solution was formed. The HDES was allowed to
cool to room temperature between 18-24 °C and stored in
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Fig. 2 Structural and stoichiometric analysis of the HDESs investigated.
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airtight containers (Duran bottles) in a dark cabinet to prevent
absorption of (-moisture and air), photodegradation, and any
possible contamination of the samples, which may alter their
composition and properties.

Quality control measures such as visual inspection and
preliminary viscosity measurements were conducted post-
synthesis to ensure the consistency and successful formation
of each DES batch.

2.3 Characterization techniques

The characterized HDESs were analyzed using various tech-
niques to investigate their long-term stability over 20 weeks;
measurements were taken at weekly intervals throughout the
study from weeks 1 to 12, with a final measurement taken at
Week 20. Each of the techniques used was to assess different
key properties relevant to HDES applications. Rheology
measurements were taken to assess possible viscosity changes
affecting handling, transport, and mixing. FTIR was used to
detect any chemical changes, decomposition, or new impurities
by monitoring molecular bonds. Thermal properties were
monitored through TGA (for measuring thermal stability) and
DSC to examine the phase transitions and crystallinity changes,
while thermodynamic properties were measured from the melt
temperature estimated from the DSC thermograms. Density was
also monitored as detailed in the following sections. The six
characterization techniques used in this work provided
a comprehensive evaluation of both chemical and physical
stability over time, important for shelf-life investigation. In

24 hrs after synthesis (week 0)

Week 20

Thymol: C10 DES Thymol: C12 DES

Fig. 3 Physical state of the four HDESs after synthesis and storage.
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addition, due to the semi-crystalline formation of thymol and
TOAB: C12 HDESs after 24 h of synthesis (see Fig. 3), the sample
bottles need to be slightly heated (=30 °C) until a liquid
formation is achieved before the samples were taken for
characterisation.

Unless otherwise stated, density measurements were per-
formed in triplicate and reported as mean =+ standard deviation;
viscosity measurements were repeated once per week for each
HDES and compared against instrument precision limits. DSC
and TGA measurements were performed weekly from week 1 to
12 and again at week 20. FT-IR and apparent pH measurements
were repeated at least twice at each time point to check for
instrumental drift. For clarity, only data from weeks 0, 4, 8, 12,
and 20 are shown in the figures; however, the full weekly dataset
(Fig. S1-S3 and Table S4) confirmed the reproducibility of the
thermal transitions over the entire storage period.

2.3.1 Physical properties

2.3.1.1 Viscosity measurements. Viscosity measurements
were performed using a Malvern Kinexus viscometer equipped
with a Peltier parallel plate system, featuring the PU20/PL65
geometry. Measurements were made across a temperature
range of 20-120 °C, maintaining a steady shear rate of 10 s™*
and a ramp rate of 5 °C min~ ' with a 1 mm gap setting. The
instrument precision limits for the Kinexus rheometer are
between 1-2%. For this work, a single measurement was taken
for each solvent per week.

2.3.1.2 Density measurements. The volumetric properties of
the solvents, which indicate changes in composition or purity,

TOAB: C10 DES TOAB: C12 DES
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were measured using an Anton Paar Ultrapyc 5000 Pycnometer
with a precision limit for repeatability between 0.05-0.15%. All
measurements were performed at a temperature of 25 °C using
the Nano cell (0.25 em?). All the densities were determined as
weekly triplicate averages.

2.3.2 Chemical properties

2.3.2.1 Fourier-transform infrared (FT-IR) analysis. Fourier
Transform Infrared Spectroscopy was conducted using
a Thermo Fisher Scientific Nicolet 102A Summit X FTIR spec-
trometer. Spectra were collected over a scan range of 400-
4000 cm ™' with a resolution of 4 cm ™" and 16 scans per spec-
trum. Samples were prepared by placing a small droplet of the
DES on the attenuated total reflectance (ATR) crystal plate, and
measurements were taken at regular intervals to monitor any
shifts or changes in peaks, which would indicate chemical
degradation or structural alterations. The spectra were pro-
cessed and analyzed using Spectra analysis software, “Spectra-
gryph”. The peaks and bands were also identified within the
software using the InstaNano FT-IR spectra identification
table.*

2.3.2.2 pH measurements. The pH of the four solvents was
measured using a Thermo Scientific Orion Star A211 pH meter
equipped with a Hach's glass pH electrode. The meter was
calibrated daily with standard buffer solutions of 4.00, 7.00, and
10.00 at a controlled temperature of 25 °C. Approximately 5 mL
of each HDES's sample was used for the measurement.

2.3.3 Thermal properties

2.3.3.1 Thermogravimetric analysis (TGA). The thermal
stability profiles, including decomposition temperatures and
mass loss, were measured using a SCIMED EXTAR 6000-1/G/DTA
6300 thermogravimetric analyzer. Approximately 15-22 mg of
each solvent sample was heated from room temperature to 600 °©
C at a consistent rate of 10 °C min~' under an inert nitrogen
atmosphere with a flow rate of 20 mL min~".

2.3.3.2 Differential scanning calorimetry (DSC) analysis.
Differential scanning calorimetry was performed using a Hita-
chi DSC 101 to study the thermodynamic transitions in the
HDES. Approximately 10-15 mg of each DES sample was
weighed into an aluminium sealed pan. The samples were
subjected to heating and cooling cycles within a temperature
range of —80 to 350 °C at a rate of 10 °C min~'. Thermal tran-
sitions such as melting points, crystallization temperatures,
and glass transition temperatures were monitored over the
period under investigation to identify phase transformations.

2.3.3.3 Thermodynamic characterisation. The thermody-
namics of the HDES were characterized using the melt
temperature data from the DSC thermograms. These data were
used to evaluate the activity coefficients, molar Gibbs' free
energy, and how these important thermodynamic properties
changed over time (within storage period).

3 Results and discussion
3.1 Physical properties

3.1.1 Physical state. Alongside quantitative measurements,
the visual state of each of the four HDESs 24 h after preparation
and after 20 weeks of storage is shown in Fig. 3. The C10-based

23758 | RSC Adv,, 2026, 16, 23754-23769
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HDESs (thymol: decanoic and TOAB: decanoic acids) remain as
clear homogeneous liquids with no sign of any crystallisation.

The visual inspection reveals no macroscopic biphasic liquid-
liquid separation; instead, the systems evolve into a semi-
crystalline solid with embedded liquid domains and melted
completely after mild heating (=30 °C). Thus, crystallisation
primarily impacts processability (e.g., handling and pumping)
rather than altering the underlying eutectic chemistry, provided
that operating temperature remains above the melting point, as
this can decrease liquid-phase stability due to the increased van
der Waals interactions that promote crystallization.*"*?

Additionally, the spontaneous solidification of C12-HDES
systems implies that at room temperature, the stored systems
cross from a fully eutectic into a regime where part of the
mixture lies outside the single-phase liquid domain. The overall
composition remains the original eutectic ratio, but crystal-
lisation of a C12-rich phase likely occurs, enriching the residual
liquid in the complementary component and altering the
effective HBA: HBD ratio. This scenario is consistent with the
observed higher viscosity and density sensitivity of the C12
systems, which would be expected if the remaining liquid is
slightly off eutectic.

The absence of new FT-IR bands and the reproducibility of
DSC transition temperatures over 20 weeks (section 3.2.2 and
3.3.3) show that crystallisation is not accompanied by detect-
able chemical degradation or formation of new phases at the
molecular level. The C12 behaviour was therefore interpreted as
reversible solid-liquid microphase separation driven by
enhanced dispersion interactions between the longer alkyl
chains, rather than loss of eutectic integrity.

In relation to industrial applications, the room temperature
crystallisation of the C12 systems implies that, in continuous
processes, these formulations may require mild heating of
storage tanks and transfer lines (25-30 °C) to avoid solidifica-
tion and ensure reliable pumping and mixing. In contrast, the
C10 HDES remain fully liquid at ambient conditions and
therefore appear better suited to large-scale handling, on-
demand make-up, and closed-loop recycling without addi-
tional thermal management.

3.1.2 Density measurement. Density measurement is one of
the key fundamental properties of a solvent that indicates
molecular packing and interaction. It provides insight into the
phase stability, purity, and compositional changes of the hydro-
phobic solvents over time; therefore, it is a very important
parameter in measuring the long-term stability of the solvents,
especially for industrial applications, as described by Chen et al.**

The four HDESs show good stability and molecular structure
preservation with a small increase over the 20 weeks. The data
points have relatively small error bars with similar week-to-week
variations across the bars for the three repeats (Fig. 4), indi-
cating good reproducibility. This provides confidence in
a consistent profile and stability of the density measurement for
the four HDESs over the study period.

The density measurements range between 0.9713-
0.9897 g cm™® for thymol: C10; 0.9209-0.9543 g cm* for
thymol: C12; 0.965-0.9898 g cm > for TOAB: C10; and 0.9203-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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0.9544 g cm ° for TOAB: C12. The mean density and variability
of the four HDESs over the 20 weeks are summarised in Table 2.

As presented in Table 2, the overall average density was
calculated for each HDES, and the variability over the 20-week
storage period was expressed as relative standard deviation
(RSD %). The nano cell used for the density measurements has
an accuracy of +£1.00% and repeatability of +0.50%.** The
calculated RSDs ranged from 0.40 to 0.65% across the four
HDESs, and these values fall within the stated performance
limits of the nano-cell configuration of the Antonn Paar Ultra-
pyc 5000, indicating that no meaningful drift occurred during
storage. The small density variation may have arisen from
experimental uncertainty rather than density drift, confirming
the long-term physical stability of the HDES. The average
density results aligned with the literature values for similar
hydrophobic deep eutectic systems as published by Zainal-
Abidin et al.*®* and Duque et al.*

However, the slightly higher variability observed for the
thymol: C12 HDES system may be due to its semi-solid crystalline
formation (Fig. 3), higher viscosity, and increased sensitivity to
sample loading and temperature equilibration in the nano cell.

SD

RSD = ———
S Mean density %

100 (1)

C10 HDESs' measurements show higher sensitivity to
changes in density with time and conditions than the longer
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Table 2 Percentage variability (RSD %) of the four HDESs*

Mean density Standard deviation RSD
HDES (gem™) (SD) (%)
Thymol: 0.9813 0.0043 0.44
C10
Thymol: 0.9380 0.0061 0.65
C12
TOAB: C10 0.9801 0.0039 0.40
TOAB: C12 0.9387 0.0049 0.52

¢ The relative standard deviation (RSD, %) was calculated using eqn (1).

alkyl chain dodecanoic acid measurements, with a decrease in
density values as the fatty acid chain lengthens due to the
increased free volume and reduced molecular packing effi-
ciency.*® However, in comparison with other DESs, choline
chloride-based DESs have higher densities (1.05-1.45 g cm™*) as
a result of the chlorine cation. The stability observed in the
measurements over 20 weeks indicates a consistent density of
each solvent system, which in turn provides confidence that the
volumetric requirements of an industrial process will not
change following long-term storage of these HDES systems.
3.1.3 Rheology investigation. Viscosity is considered one of
the most important physical properties of deep eutectic
solvents, as it affects their pumping requirements, mixing effi-
ciency, mass transfer, extraction performance, and solvent-
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Fig. 5 Viscosity-temperature curves for (a) thymol-based HDESs, and (b) TOAB-based HDESs for the 20- week measurements.

solute interactions.® Additionally, Pietro et al.*® and Gygli et al.*”
proposed that viscosity is widely regarded as a key indicator of
DES stability; therefore, it should be monitored regularly to
evaluate the impact factors such as aging, water content, or
thermal stress on DES properties. Example rheology curves for
each solvent are shown across the temperature range investi-
gated in Fig. 5. The viscosity values for the four HDES decreased
consistently with increasing temperature, which aligns with the
fundamental property of fluids. This is due to higher tempera-
tures providing more kinetic energy to the molecules, allowing
them to overcome intermolecular forces, enabling them to flow
more easily.>”*

All the experimental viscosity values/ranges presented in
Fig. 5 align with the literature values for both thymol and TOAB-
based HDES. Both curves' patterns suggest that the solvents are
resistant to chemical degradation and compositional
changes."**** It was also observed that thymol-based HDESs
are consistently less viscous than TOAB-based HDESs, and that
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the longer the fatty acid chain, the more viscous the solvent
becomes.

As observed in Fig. 6, the four HDES combine high stability
and low viscosity over a long-term storage period. The week-to-
week consistency and reproducibility are indications of their
excellent long-term stability, intact flow properties due to the
strong intermolecular interactions, which maximize solvent re-
use and reduce resource input and chemical waste. The
percentage variations for each solvent across the temperatures
vary by £10% across the 20 weeks; however, the manufacturer's
documentation for the Kinexus rheometers only specifies tor-
que, gap, and temperature resolutions, but does not give
a single “instrument relative error” for viscosity.*

As suspected based on the observations illustrated in Fig. 3,
the crystalline phase formation of both C12 HDES results in
higher viscosity data in comparison to the C10 HDES. Higher
crystallinity can increase viscosity as the structures inhibit
molecular mobility and flow, raising the energy barrier for bulk
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Fig.6 Multi-week experimental viscosity graphical representation at different temperatures, (a) thymol: C10; (b) thymol: C12; (c) TOAB: C10; and

(d) TOAB: C12.
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fluid movement. Complete melting, and subsequently higher
temperatures, yield lower viscosity, which will reduce the
pumping and/or mixing energy requirement. An important
design consideration is the compromise between the energy
input to raise the temperature and the energy saving due to the
reduction in the mechanical power requirements.

Our observation that viscosity serves as a sensitive probe of
DES microstructure is consistent with recent molecular simu-
lation and experimental work, which shows that subtle rear-
rangements of the hydrogen-bond network and
nanostructuring strongly control the temperature-dependent
viscosity of DES and related eutectic liquids.** The limited
week-to-week variation observed in this study, therefore,
provides additional indirect evidence that no significant rear-
rangement or degradation of the HDES microstructure occurs
over a 20-week storage period.

3.2 Chemical properties

3.2.1 pH measurement. While a conventional pH meter is
calibrated against aqueous solutions, it can signal changes in
the proton activity of the solvent. However, as stated by Doneux
et al.** it is more accurate to refer to these measurements as the
“apparent pH” because of the non-aqueous nature and
complexity in calibrating the pH of deep eutectic solvents due to
the variable compositions. The HDES studied here are essen-
tially anhydrous and have low ionic conductivity; therefore, the
quantity reported as pH does not correspond to the thermody-
namic definition used for aqueous solutions. Instead, the glass
electrode responds to an ill-defined mixture of proton activity,
junction potential, and interfacial equilibria at the membrane
solvent interface, so the measured value is best regarded as an
operational indicator of acidity/basicity under a fixed calibra-
tion protocol rather than an absolute pH.**** Apparent pH was
only used to track possible large-scale changes in acidity during
storage and rely on FT-IR and thermodynamic data to assess
chemical stability.

View Article Online
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The alkalinity and acidity of DESs can influence their
chemical stability, as they can sometimes generate impurities
during preparation, especially using organic acids such as
decanoic and dodecanoic acid. For example, Ruggeri et al.*
reported that Tetrabutylammonium chloride: Decanoic Acid
(TBACI/DA) HDES formed a gel in contact with a strongly acidic
aqueous environment, which generated a loss in their stability
and led to a phase change. This indicates that HDESs are not
universally stable across all pH ranges, especially when they are
exposed to strong aqueous acidic environments.*’

As observed in Fig. 7, the thymol-based systems (C10 and C12)
start near pH around 2.1-2.4 and increase slightly to around 2.5-
2.9; thereafter, the pH fluctuates at week 6-10 but remains below
3.0, indicating only minor acid-base change over the storage
period. The TOAB-based systems show less acidic pH values than
the thymol systems, rising from about 3.3-3.5 initially to about
4.0-4.8 by week 8-12, after which the values stabilize, suggesting
a gradual shift toward less acidity before stabilization. Although
there are no widely reported standard pH values for the neat
thymol- and TOAB-based HDESs or similar low-polarity DESs, as
pH is only considered “a property of convenience rather than
a fundamental thermodynamic quantity”.>® However, Damilano
et al. confirmed that DESs containing carboxylic acids as
hydrogen bond donors are mostly acidic, with a reported range of
3 and below for thymol-based systems,* and a pH range of 4-8
for TOAB-based systems,** depending on temperature, molar
ratio, and water content. The TOAB-based solvents show greater
variability in the measurements, which is common for HDESs
based on tetraoctylammonium bromide and other quaternary
ammonium salts due to ionic exchange and partial leaching of
the ammonium salt constituents. Within the experimental
precision, the week-to-week pH trends do not correlate with
changes in density, viscosity, FT-IR spectra, or thermal transition
temperatures. In particular, the TOAB-based HDESs show the
largest apparent pH drift but maintain constant TGA onset
temperature, DSC melting transitions, and unaltered IR band
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Fig.7 Apparent pH evolution of thymol-based and TOAB-based HDESs formulated with C10 and C12 components during 20 weeks of storage.
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Fig. 8 FT-IR spectra for four HDESs: (a) thy: C10 DES; (b) thy: C12; (c) TOAB: C10, and (d) TOAB: C12 HDESs.

positions, which argues against substantial chemical trans-
formation during storage.

It should also be noted that low conductivity and electrode
response are observed due to the low conductivity of non-
aqueous HDESs and electrode dehydration, leading to slow
response times, unstable readings, and greater sensitivity to
environmental changes. Exposure to air and temperature fluc-
tuations can further destabilize the pH of HDES.

Given the low conductivity of these hydrophobic media, the
use of an aqueous reference solution, and the known suscep-
tibility of glass electrodes in non-aqueous systems to junction
potential instability, partial dehydration, and slow equilibra-
tion, part of the observed pH variability, especially for TOAB-
based HDES, likely reflects instrumental artefacts rather than
genuine changes in proton activity. Furthermore, liquid junc-
tion potential or mismatches between sample and reference
solution can be amplified in hydrophobic, low-water-content
HDES, which may also be responsible for additional pH vari-
ability.**** Therefore, apparent pH was treated as a qualitative
indicator only and rely primarily on FT-IR and thermodynamic
analysis to assess chemical stability.

3.2.2 FT-IR analysis. The infrared spectra of the four
HDESs were determined to gain insights into their chemical
structure and intermolecular interactions, especially hydrogen
bonding between the components of thymol and TOAB-based
HDES (Fig. 8) and S1 (i)-(iv). The stability and performance of
these HDESs depend on the integrity of the hydrogen-bond
network.* The main functional groups identified for thymol:
C10 and thymol: C12 include O-H (hydroxyl) at 3300-
3200 cm ™', aliphatic C-H stretching at 2955-2850 cm ™', C=0

23762 | RSC Adv, 2026, 16, 23754-23769

(carbonyl) at 1710-1715 c¢m ', CH,/CH; bending at 1450-
1375 cm ™', and C-O stretching at 1260-1050 cm ™. Meanwhile,
TOAB: C10 and TOAB: C12 exhibited similar wavenumbers.>**
The wavenumber at 3300-3200 cm ™" likely corresponds to O-H/
N-H (hydroxyl/amine) stretching, indicating a weaker bond
compared to the thymol-based DES, due to the absence of
hydroxyl groups in the TOAB system.***** Additionally,
hydrogen bonding primarily relies on ionic bonds or carboxylic
acid donors.

The spectra were recorded over 12 weeks, with follow-up
measurements at week 20. The slight shifts to lower wave-
numbers in the C-O bands suggest an increased electron
density of the carbonyl oxygen due to hydrogen bond formation
between components. Despite these slight shifts and broad-
ening observed in the spectra, there appears to be consistency
with the characteristic wavenumbers and peaks of the indi-
vidual precursor components, implying that there is little
change in the chemical composition over the test period.
Hydrogen bonding interactions between the thymol and
carboxylic acid components are therefore likely well maintained
over the period. Additionally, no new bands were observed at
week 20, indicating the persistence of the thymol-carboxylic
acid hydrogen-bonded network and the absence of degrada-
tion products, such as esters or carboxylates. There was no
increased broadening of the O-H band, which would indicate
moisture absorption or oxidation. This absence of change is
important for the HDESs to retain their macroscopic properties
and efficacy as green solvents.*

Similarly, TOAB: C10 and C12 systems show the same O-H
and N-H stretching vibrations for the same wavenumbers that

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 TGA curves of the four HDESs: (a)thy: C10; (b)thy: C12; (c)TOAB:

indicate hydrogen bond formation over the test period.** In
addition, the characteristic absorption bands of the quaternary
ammonium salts were observed in the solvent spectra. The
presence of a strong band at C=0 (1750-1735 cm ™ ') indicates
the formation of intermolecular hydrogen bonds.?”**

The uniformity and consistency of the solvent spectra in the
four HDESs indicate exceptional chemical stability and
extended shelf life, demonstrating that HDESs maintain their
molecular structure more effectively than hydrophilic DESs by
resisting moisture-induced degradation.'***> This also suggests
that the hydrogen bonding that defines these solvents is
maintained throughout the storage period.

3.3 Thermal properties

3.3.1 Thermogravimetric analysis. The TGA analysis of the
four HDESs over 12 weeks, plus the additional test at week 20, is
presented in, Fig. 9, (i) and (iv). The four solvents showed
minimal changes or minor deflections for each solvent,
implying that the instantaneous thermal profiles (onset and
decomposition ranges) from the previously published work
(using single dynamic TGA runs),**=**>% are similar to what was
observed at each point for this work. Fig. 10 shows the variation
of peak degradation temperature over storage time for the four
HDESs. All the systems exhibit minimal variation (<3 °C) over 20
weeks, indicating good thermal stability during storage.

The T5% (5% of total mass loss) was used to estimate the
onset temperature of the thermal degradation for the four
HDESs. It is equivalent to the temperature at which HDES

© 2026 The Author(s). Published by the Royal Society of Chemistry
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begins to degrade or the first deflection from the baseline as
described by ISO 11358-1 and ASTM E2550.°%%* Furthermore,
Ts% is a vital parameter in determining the operational
temperature limits and long-term stability of the solvent.*

The onset temperature at T5% was estimated from the TGA
curve as shown in Fig. 9. The summary of the results is pre-
sented in Table 3.

The onset temperatures varied by £ 5 °C per solvent
throughout the weeks, including week 20, indicating good
stability. The consistent onset temperature values (i.e., point
where the TGA first shows a measurable deviation rather than
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Fig. 10 Thermal stability trends across the four HDES using the peak
degradation temperature (Ts%) change with storage period.
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Table 3 Onset temperatures for the four HDESs as calculated from
the T5%

Onset temperature (°C) T5% = 5% total mass loss

Week Thy: C10 Thy: C12 TOAB: C10 TOAB: C12
0 139.18 140.86 187.41 203.80
4 136.93 139.46 184.21 203.88
8 138.31 143.57 189.23 203.37
12 136.48 142.20 189.74 204.85
20 140.62 143.31 187.89 203.39

substantial degradation) indicate that the solvents can effec-
tively resist any initial thermal decomposition over a long
storage period.***> More importantly, the TOAB-based DESs
show higher thermal stability than the thymol-based DESs,
especially TOAB: C12, which shows a higher temperature
threshold before any significant mass loss. According to Chen
et al.®® this may be due to the nature of the HBD components
(tetraoctylammonium bromide), which can form a thermally
resistant hydrogen bond network with the carboxylic acids
when compared to thymol. This results in the observed higher
decomposition onset temperature. Additionally, the higher
onset temperature was observed for C12 than for C10 -based
HDESs, which may be due to stronger ionic interactions, the
component's lower volatility, and the influence of the HBD
chain length on the thermal stability of the solvents.*

The small variation in T (=5 °C) over 20 weeks is compa-
rable to or smaller than differences attributed to heating-rate
changes in high-resolution TGA studies,*® reinforcing that the
observed data is within experimental uncertainty rather than
evidence of progressive degradation.

All TGA experiments were performed at a steady heating rate
of 10 °C min~ ", balancing between experimental throughput

98 -
—_ e ® o ® o0 o0 %0 *o .
s
E_: 96 - ® Onset Temperature ® Peak Temperature
=]
]
5 94 A
=3
g
= 92 A
b © 0 0 ® ® o o, 0 ®° o ° o .
90 : - - Tlhv: C10 DI;ZS
0 4 8 12 16 20
WEEK
250
® Onset Temperature © Peak Temperature
240 -
g230-oooooooco.oo °
E 220 -
g 210 4
=
an 200 -
= 190 3 ce e 000000 ece TOAB('OD;IS
180 : : , b
0 4 8 12 16 20
WEEK

View Article Online

Paper

and thermal lag. The absolute onset temperatures under
dynamic heating are known to depend on the heating rate;
higher rates typically cause degradation onsets to appear at
higher temperatures due to kinetic constraints.®®®” However,
since all measurements in this study follow the same heating
protocol, focussing on relative changes over time rather than
absolute kinetic parameters, the systematic effect of heating
rate does not impact the conclusion that HDES decomposition
profiles remain consistent during storage.

3.3.2 Differential scanning calorimetry. The thermal tran-
sitions of the four solvents were evaluated by monitoring the
DSC onset and peak temperatures of the primary endothermic
transition, which was determined from the DSC heat flow curve
using the tangent intersection method. The DSC onset
temperature is sensitive to heat-capacity changes and was
determined from the point where the heat-flow curve first
deviates from the baseline at the start of the thermal event, such
as the glass transition, melting, and/or crystallization. The peak
temperature corresponds to the maximum rate of the melting
process (i.e., the point where the endothermic heat-flow signal
is highest) and therefore occurs after the onset temperature. As
observed in Fig. 11, the DSC thermograms of the four solvents
under study showed reproducible transition temperatures
across the 20-week storage (Fig. S3), with minor scatter in both
the peak and onset temperatures.

The primary DSC endotherm for thymol: C10 DES shows
onset temperatures near 92 °C and peak temperature around
98 °C, while those of thymol: C12 DES are around 93 °C and 96 °
C. In comparison, the TOAB-based DES showed higher onset
and peak temperatures, consistent with stronger ionic interac-
tions with TOAB: C10 DES measured about 189 °C and 229 °C,
respectively, and TOAB: C12 DES around 209 °C and 245 °C,
respectively. Overall, the consistent onset and peak temperature
data over time provide strong evidence that all four HDESs
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Fig. 11 Endothermic-DSC onset and peak temperature for the four HDES over the storage period.
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remain thermally stable during the storage period under the
tested conditions.

3.4 Thermodynamics of HDES

The DSC thermogram data (Table S4) were used to calculate the
dimensionless molar excess Gibbs energy (%) of the HDES
and the activity coefficients of the HBAs and HBDs, as these are
important thermodynamic indicators that indicate the stability
and non-ideal mixing behaviour of deep eutectic solvents. A
gE

more negative R is associated with enhanced intermolecular

interactions for the solvents, and the formation of considerable
melting point depressions.®®*”° Activity coefficients, however,
measure the deviation from ideal mixing, with values signifi-
cantly <1, indicating that the DES components interact strongly,
which is essential to maintaining the solvent's eutectic state.”

As defined by Like et al.,*® The activity coefficients and molar
excess free Gibbs energy values were calculated from eqn
(2) and (3), respectively.

In(y;) = — Ah;;us'i G - T,lm) ~In(x) ®)
%: ZXA*IH(YA) + Xp*In(Y's) (3)

where: R = 8.314 ] mol ™' K™ (Universal gas constant); Ahg,s;
= molar enthalpy (J] mol™") of fusion of pure species; v;
= activity coefficient for the component under consideration;
T = eutectic melt temperature (K) derived from the DSC ther-
mograms of the DES (Table S4); Ty, ; = melting temperature (K)
of the pure component under consideration; X; . = mole frac-
tion of the solid in equilibrium with liquid mixture;
gE

R molar excess free Gibbs energy.

Eqn (2) and (3) assume: equilibrium between solid and
liquid phases during DES melting, negligible heat-capacity
difference between pure components and mixture over the
transition, that the enthalpy of fusion and melting tempera-
tures of the pure components are not altered by storage. These
are standard assumptions in DES thermodynamics analysis and
are justified in this work by the sharp, reproducible melting
endotherms observed across all weeks and the absence of
additional thermal events.®*7>7 -

The more negative the value of If—; the more thermodynam-

E
ically stable the solvent system is. T < —1/3 is the threshold

defined by Like et al.®® for a mixture considered to be DES.

*The melting temperatures and molar enthalpies data for
each of the four participating components (thymol, TOAB,
decanoic acid, and dodecanoic acid) were extracted from the
National Institute of Standards and Technology (NIST),”* as
presented in Table 4.

For all four HDESs, the reduced excess Gibbs free energy
gE

RT
tive and varies only modestly over the 20 weeks: from —0.997 to

1.32 for thy: C10, —1.20 to —1.39 for thy: C12, —1.97 to —2.37 for

as presented in Fig. 12(a) and (b), remains strongly nega-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Molar enthalpies and melting temperatures data for thymol,
TOAB, Decanoic acid, and dodecanoic acid as extracted from NIST
Chemistry Webbook

Ahgys (J mol ™) Tm (°K)
Thymol 22010 323.15
TOAB 45000 371.15
Decanoic acid 28300 304.65
Dodecanoic acid 34700 321.15

TOAB: C10, and —3.68 to —4.04 for TOAB: C12. In parallel, all
activity coefficients in Fig. 12 (c) and (d) stay well below unity
throughout the storage period. The combination of negative
gE

RT
average, the interactions between unlike species (HBA-HBD) are

more favourable than those between like species (HBA-HBA or
HBD-HBD), leading to stabilisation of the eutectic liquid rela-
tive to an ideal mixture. These values remain nearly constant
with time, implying that this interaction pattern is preserved
during storage.

and activity coefficients well below unity suggest that, on

It is worth noting that all 1‘57 are < — 0.333, indicating that

the four solvent systems are classified as DES. Additionally, an
activity coefficient v < 1 indicates favourable and non-ideal
interactions such as strong H-bonding or ionic interactions,
which bring about stabilization to the mixed state compared to
an ideal mixture. The lower activity coefficient presented in this
study implies that the real mixture is more strongly interacting
and more stable than an ideal solution. The small scatter in
gE

T and v; is within experimental uncertainty and may reflect

minor structural relaxation.

Uncertainties in T and activity coefficients arise primarily

from experimental errors in DSC transition temperatures and
enthalpies, together with literature uncertainties in pure-
component fusion data. Propagating the reported +2-3 °C
uncertainty in DSC transitions and the NIST fusion enthalpy

. . E
tolerances leads to estimated relative errors on If_T below about

10%, which is small compared to the absolute magnitude of the

gE

negative values (ﬁ <-1 /3) and does not alter the qualita-

tive conclusion that all four HDES remain strongly non-ideal
and thermodynamically stable over the storage period.

TOAB-based HDESs exhibit more negative If—T values than

the thymol-based systems, consistent with stronger overall non-
ideal interactions in these ionic systems. The week-to-week
gE

variations in T and «v; are small for all four solvents, with

slightly narrower ranges for the thymol HDESs, suggesting that
both systems retain their eutectic characteristics during
storage, with thymol systems showing marginally lower scatter.
This behaviour likely reflects differences in the underlying
networks: thymol HDES are dominated by robust hydrogen-
bonding between the terpene and fatty-acid components,
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whereas TOAB-based HDESs combine ion pairing and hydrogen
bonding and may be more sensitive to microstructural rear-
rangements, although the experimental data do not indicate
any systematic loss of thermodynamic stability.

4 Conclusion

This study presents a systematic time-resolved characterization
of thymol- and TOAB-based hydrophobic deep eutectic solvents,
demonstrating their exceptional stability over 20 weeks. The
systematic multi-technique characterization, including spec-
troscopic, thermogravimetric, calorimetric, and bulk physico-
chemical property measurements, shows that these solvents
maintain their molecular integrity, eutectic characteristics, and
functional properties under storage conditions. More specifi-
cally, the four solvents retain stable density and viscosity within
the combined experimental uncertainty, with relative standard
deviations below 1% for density and modest week-to-week
variations in viscosity that remain within instrument precision.
The thermodynamic stability analysed through molar excess
Gibbs free energy and activity coefficients calculations demon-
strates that all four HDES formulations remain firmly classified
gE
RT
below unity throughout the study period. The thermodynamic
properties confirm the persistent intermolecular interactions.

as a deep eutectic with < —1/3 and activity coefficients
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Thermal stability assessment through TGA revealed that
onset decomposition temperatures (75%) exhibit a variation of
=+ 2.77 °C, with TOAB-based systems showing superior thermal
resistance within the range (184-205 °C) compared to the
thymol-based systems (136-144 °C). These differences are
attributed to the quaternary ammonium cation's capacity to
form robust ionic-hydrogen bond networks with carboxylic acid
HBDs, creating thermal stability with increasing fatty acid chain
length.

(C12 > C 10) and enhanced thermal stability through
strengthened van der Waals interaction. DSC thermograms
exhibited reproducible endothermic transitions with consistent
onset and peak temperatures across the storage period, con-
firming thermal integrity and phase behaviour stability.

From an application standpoint, the demonstrated 20-week
stability is particularly relevant for HDES deployment in
extraction processes (food, pharmaceutical separation, and
nutraceutical), polymer processing and recycling, and bi-
orefinery operations, where solvents are often stored in bulk
and recirculated for extended periods. Typical operating
temperatures in these applications (40-120 °C for liquid-liquid
extraction and polymer swelling; up to about 150-200 °C for
thermochemical polymer degradation) overlap with, but do not
generally exceed, the TGA-derived onset temperatures T5 of the
HDES (136-141 °C for thymol C10/C12 and 184-204 °C for TOAB
C10/C12, Table 3). This indicates that, under carefully

© 2026 The Author(s). Published by the Royal Society of Chemistry
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controlled process conditions and residence times, the solvents
can be used close to their stability limits without extensive
decomposition.

FTIR spectroscopic analysis revealed consistent character-
istic absorption bands and no systematic shifts, confirming the
absence of hydrolysis, oxidation, or moisture-induced structural
change in the studied HDESs. Apparent pH values remain
within the acidic range characteristic of carboxylic acid-based
HDES, with larger fluctuations in TOAB systems attributed to
junction potential instability and electrode behaviour in low-
conductivity media rather than true changes in proton
activity. This implies that both spectroscopic and thermody-
namic evidence demonstrate that the hydrogen-bonded/ionic
networks defining HDESs are preserved during storage, di-
stinguishing them from hydrophilic DES, where compositional
drift and hydrolysis have been reported.

The C12-based HDESs (thy: C12 and TOAB: C12) evolve from
clear liquids to semi-crystalline solids within 24 h, and become
fully solid by week 20, whereas the C10 stems remain liquid. This
behaviour is attributed to reversible segregation of a C12-rich
solid phase driven by stronger dispersion interactions among
the longer alkyl chains, which slightly shifts the effective
composition of the remaining liquid but leaves DSC transitions
and FT-IR spectra unchanged. While this microphase separation
does not compromise chemical stability, it implies that C12
HDESs may require mild heating of storage tanks, as mentioned
in Section 3.1.1 for storage and pumping in continuous processes,
whereas C10 HDEs are better suited to ambient temperature.

From a sustainability and industrial implementation
perspective, the demonstrated shelf-life stability of these HDES
addresses a critical barrier to commercial adoption. The ability
to store solvents without refrigeration or inert atmosphere
requirements, coupled with their maintained physicochemical
properties, translates to reduced operational costs, simplified
logistics, and enhanced process reliability. The extended shelf
life minimizes waste generation, conserves raw materials, and
facilitates closed-loop solvent recycling strategies, all of which
are core principles of green chemistry and circular economics.

Further research should focus on (1) extending monitoring
beyond 20 weeks to establish ultimate shelf-life limits; (2)
investigating the influence of storage conditions (temperature,
light exposure, container material); (3) investigating the ageing
of the solvent to predict the long-term behaviours and molec-
ular dynamics simulations to expand the structural basis of the
observed thermodynamic trends.

Lastly, this study offers the first detailed, time-resolved
characterization of thymol- and TOAB-based HDESs, demon-
strating their stability over 20 weeks through consistent
evidence from thermodynamic, thermal, spectroscopic, and
physicochemical analyses. These findings, therefore, help
position HDESs as a stable alternative to traditional organic
solvents, thus supporting the adoption of green chemistry
principles in industrial processes.
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