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ABSTRACT: In response to the performance limitations of traditional heat transfer fluids under extreme conditions, a series of
organic/inorganic deep eutectic solvents (DES), composed of ethylene glycol and different types of acetates, have been developed,
and their downstream thermophysical properties, as well as their potential applications in nanofluids, have been explored. It is found
that the prepared DESs significantly broaden the liquid phase temperature range, which ranges from —14~196 °C to —40~201 °C.
The initial decomposition temperature increases from 85 °C to 130 °C, and the peak decomposition rate shifts from 175 °C to
206 °C. Subsequently, nanofluids were prepared by employing the selected ethylene glycol: potassium acetate-5:1 DES with carbon
nanotube as nanofiller. The results reveal that the thermal conductivity of the nanofluid could be increased by approximately 3%
compared to the base fluid, and the specific heat capacity was enhanced by 7.5% with a photothermal conversion efficiency reaching
up to 42.7%. These results highlight the promising thermal stability and heat transfer properties of ethylene glycol-acetate DESs.
Moreover, the nanofluids prepared from those DESs as base fluids provide useful references for the development of novel, green,
and high-efficiency energy transportation fluids.
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1. Introduction

With the evolving global situation, the demand for energy continues to rise, while traditional fossil energy
resources are dwindling, and environmental pollution issues are becoming increasingly severe. Consequently,
improving energy efficiency, reducing environmental pollution, and developing clean energy have become common
objectives for nations worldwide [1,2]. However, the current methods and technologies for energy utilization still face
several challenges, such as low energy conversion efficiency, significant energy waste, and an irrational energy structure.
These issues not only affect the security of energy supply but also exacerbate environmental pollution [3,4]. In this
context, the development of new, efficient heat transfer fluids is particularly critical. Heat transfer fluids play a key role
in energy conversion and utilization, and their performance directly influences both the efficiency of energy usage and
the extent of environmental impact [5]. The development of new, high-efficiency heat transfer fluids can enhance energy
conversion efficiency, reduce energy waste, and minimize environmental pollution, thereby contributing to the
sustainable development of energy. Therefore, research and development of innovative and efficient heat transfer fluids
are essential for advancing energy utilization technologies and providing effective solutions to energy and
environmental challenges [6-8].

Deep eutectic solvents (DES) are a class of binary or multicomponent mixtures composed of a hydrogen bond
donor (HBD), such as polyols, and a hydrogen bond acceptor (HBA), such as acids or salts. These solvents exhibit
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melting points that are significantly lower than the melting points of their components, which is why they are referred
to as “deep eutectic” [9]. While eutectic systems with significantly depressed melting points were identified in the late
1990s, the term “deep eutectic solvents” and their specific properties were first introduced and popularized by Abbott
et al. in 2003, and the concept of DES itself has also evolved. In recent years, DESs have gained considerable attention
due to their unique physicochemical properties, leading to a wide range of applications across various fields [10—14].

Due to their unique advantages, DESs have attracted significant attention as potential candidates for new heat
transfer fluids. For example, DESs are typically made from natural or renewable components, which results in a lower
environmental impact and makes them biodegradable [15,16]. Furthermore, DESs have low volatility, which can
significantly reduce the exposure risks in workplaces and the atmosphere [17,18]. In addition, because DESs are often
synthesized from inexpensive and renewable raw materials, their production costs are generally lower [19]. As a result,
researchers have increasingly focused on investigating the thermophysical properties of DESs. Lim et al. [20] conducted
a comparative study of the thermophysical properties of choline chloride-based DESs and imidazolium-based ionic
liquids (ILs), with a focus on differences in thermal conductivity, viscosity, and ionic conductivity, as well as their
underlying mechanisms. Their results revealed that the thermal conductivity of DESs increased with the proportion of
the hydrogen bond donor (HBD). Viscosity, on the other hand, showed significant differences related to the donor type
and proportion. In contrast, the thermal conductivity and viscosity of ILs were primarily influenced by the carbon chain
length. Increasing temperature resulted in decreased viscosity and increased ionic conductivity, and the introduction of
water further enhanced both the thermal conductivity and conductivity of the system while drastically reducing viscosity.
This study demonstrated that DESs, with their excellent tunability, low cost, and environmental friendliness, could
potentially serve as a green alternative to ILs. Halder et al. [21] utilized a large dataset of 145 types of DESs and 1154
data points, combined with external validation data, to construct a highly accurate linear model for predicting the density
of DESs at varying compositions and temperatures. The study highlighted the significant impact of DESs molecular
structure and composition on their density and underscored the importance of descriptors such as hydrogen bond donor-
acceptor interactions, polarity, and topological characteristics. Li et al.[22] conducted an in-depth study on the viscosity
of DESs using an XGBoost machine learning model combined with SHAP analysis. They compiled a dataset of 994
experimental viscosity values from 107 DESs, incorporating the effect of water content on viscosity. The study revealed
that HBDs play a dominant role in viscosity, with long-chain structures and strong hydrogen bonding interactions
increasing viscosity, while higher temperatures and water content contribute to viscosity reduction.

Based on the significant thermophysical properties and tunability of related characteristics, recent experimental
studies have explored the use of DESs as base fluids for the preparation of nanofluids. Sun et al. [23] investigated a
novel nanofluid prepared by adding Fe,O3 nanoparticles to a glycerol-triethylene glycol sodium acetate DESs solution.
The experiments demonstrated that the glycerol/triethylene glycol sodium acetate DESs with a molar ratio of 2:1
reduced the viscosity by 58.03% and increased the thermal conductivity by 17.2% at 25 °C. Dehury et al. [24], using
both experimental and machine learning approaches, explored the thermophysical properties of DESs and nanofluids
doped with hexagonal boron nitride nanoparticles, including density, viscosity, thermal conductivity, and specific heat
capacity. Using the COSMO-SAC model, they calculated the eutectic points of the DESs and optimized their
compositions. Experimental testing was carried out to evaluate the stability and thermophysical properties of the
nanofluids, while multiple machine learning models (such as Lasso regression, random forests, and support vector
regression) were developed to predict thermophysical properties at varying compositions and temperatures. The study
showed that adding a small amount of nanoparticles significantly enhanced the thermal conductivity and specific heat
capacity of the nanofluid, while viscosity and density were less affected by temperature and concentration. Additionally,
the machine learning models exhibited high prediction accuracy (with R? values exceeding 0.99), providing a reliable
tool for future heat fluid design, although further experimental data is needed for supplementary support.

In medium-to-high temperature operating environments, thermal stability is crucial for the performance of working
fluids, as it directly impacts system reliability and safety [25—27]. Good thermal stability ensures that the working fluid
does not undergo thermal decomposition or degradation under high-temperature conditions, thereby maintaining the
stability of its chemical and physical properties. This extends the service life of equipment, reduces maintenance costs,
and plays a significant role in optimizing design, improving work efficiency, and ensuring safe system operation [28—
32]. Al-Kayiem et al. [33] pointed out that traditional working fluids in industrial operations suffer from issues such as
poor biocompatibility, volatility, and corrosiveness, whereas binary DESs can resolve these problems due to their
unique properties. Using molecular dynamics simulations and experimental techniques, they studied the thermophysical
properties, rheological characteristics, electrical conductivity, and thermal stability of 11 types of binary DESs as
biocompatible working fluids. The results showed that most DESs exhibit good thermal stability below 150 °C, and
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DESs based on zinc ions generally perform better, making them suitable for high-temperature heat transfer systems.
Majid et al. [34] focused on exploring the impact of ethoxy repeat units in different ethylene glycol structures (ethylene
glycol, triethylene glycol, and polyethylene glycol) on the thermal stability of DESs. The results demonstrated that
thermal stability significantly improves with the increase in ethoxy chain length. Additionally, FTIR analysis confirmed
the formation of hydrogen bonds in the DESs, indicating that the length of the ethoxy repeat unit not only affects the
strength of intermolecular interactions but also determines the energy required for decomposition. Designing DESs with
longer-chain hydrogen bond donors can achieve higher thermal stability. Marchel et al. [35] studied the thermal stability
of three choline chloride-based DESs and their decomposition behavior and toxicity under high-temperature conditions,
focusing on the limitations of thermal instability on the green solvent potential. The study found that the choice of HBD
significantly influences the thermal stability of DESs. Among them, DESs with urea as the HBD exhibited the highest
thermal stability, remaining stable after prolonged heating at 120 °C, with limited decomposition products and low
toxicity. Mu et al. [36] systematically investigated the thermal stability of 40 DESs using thermogravimetric analysis
(TGA). They found that their decomposition behavior differs from that of ionic liquids, exhibiting a progressive
degradation process. The decomposition is initiated by the disruption of hydrogen bonds, followed by the breakdown
of HBDs, while HBAs decompose at higher temperatures. The study highlights the crucial role of hydrogen bond
strength in thermal stability, demonstrating that stronger hydrogen bonding increases the onset decomposition
temperature of DESs.

DESs composed of ethylene glycol (EG) and choline chloride have been extensively studied and applied due to
their low cost and good tunability. However, their thermal stability and environmental friendliness remain limited under
extreme conditions. For example, choline chloride is prone to decomposition at high temperatures, releasing harmful
gases such as ammonia and hydrogen chloride [37,38]. Valentina et al. [39] conducted an extensive molecular dynamics
simulation study to investigate the structural properties of four DESs, including choline chloride-urea and its three
analogs, where chloride was replaced by fluoride, nitrate, and acetate. The study revealed that the hydrogen bond
acceptor strength of the anions followed the order: acetate > chloride > nitrate > fluoride, indicating that acetate is the
strongest hydrogen bond acceptor among these anions, making it a promising candidate for better DESs combinations.
Maria et al. [40] explored the structural changes of two DESs, choline chloride-urea, and acetate choline-urea, under
gradual hydration conditions. Their findings showed that replacing chloride ions with acetate had a significant impact
on the structure and dynamics of DESs. Under low moisture conditions, the DESs-DESs interactions began to break
down, rapidly dissolving the urea portion and achieving a complete exchange of mobile protons. In contrast, choline
chloride-urea appeared to maintain its structure, gradually undergoing mutual solubility only when slight interactions
occurred between urea and surrounding water molecules. Rico et al. [41] proposed an extraction method based on
sodium acetate-urea DES for bioactive compounds from melon peel, aiming for a more environmentally friendly
approach. The study demonstrated that this DES exhibited remarkable environmental friendliness and cost-effectiveness,
confirming the potential feasibility of using acetate salts as hydrogen bond acceptors in DES preparation.

It is worth noting that, compared to organic salts such as choline chloride, metal salts like sodium acetate
(hereinafter referred to as acetates), as inorganic salts, exhibit higher thermal and chemical stability. Even when
decomposed at high temperatures, the decomposition products are primarily harmless carbonates. Moreover, acetate
salts demonstrate good miscibility and tunability with EG. However, most current research on DESs has focused on
their fundamental thermophysical properties, with relatively little exploration of their thermal stability under medium-
to-high temperature conditions and their synergistic effects with nanomaterials. In light of this, the present study selects
ethylene glycol and acetate salts as base components to develop a series of DESs with enhanced thermal stability and a
broader operating temperature range. Additionally, by doping with carbon nanotubes (CNTs), the heat transfer
performance of these DESs is further improved. This research aims to provide new insights and technical support for
the development of novel heat transfer fluids.

2. Materials and Methods
2.1. Materials

Anhydrous sodium acetate (SA, CH;COONa, analytical grade), anhydrous potassium acetate (PA, CH;COOK,
analytical grade), and anhydrous calcium acetate (CA, Ca(CH3COO),, analytical grade) were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd., Shanghai, China. Ethylene glycol (EG, HOCH,CH,OH, analytical grade)
was obtained from Shanghai Macklin Biochemical Technology Co., Ltd., Shanghai, China Multi-walled carbon
nanotubes (50 nm) were supplied by Nanjing Xianfeng Nanomaterials Technology Co., Ltd., Nanjing, China.
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2.2. Preparation

The ethylene glycol-acetate DESs were prepared using the melt blending method. Precise amounts of EG and
sodium acetate (SA) with molar ratios of 4:1, 5:1, and 6:1, EG and potassium acetate (PA) with molar ratios of 4:1, 5:1,
and 6:1, EG and calcium acetate (CA) with molar ratios of 24:1, 30:1, and 36:1 were weighed using an analytical
balance. A total of 120 g was weighed per batch, with a weighing error of less than £0.0025%. The components were
then mixed in a 200 mL flask and heated under stirring at 80 °C and 300 rpm for 1 h until the solvent became clear and
transparent, and no solid salt particles of the acetate were observed (Figure 1). The mixture was then cooled to room
temperature to form a stable homogeneous system, resulting in ethylene glycol -acetate DESs at different molar ratios.
The specific compositions and naming of the samples are listed in Table 1. Since ethylene glycol has poor miscibility
with calcium acetate, larger molar ratios were selected for this mixture.

- .
a ‘ f |

@Sﬁrlh J { Stir 1 h ‘

Ultrasonic 20 min

+ @) ==

500ml

EG DESs Nanofluids

Figure 1. (a) Ethylene glycol-acetate DESs and nanofluid preparation process diagram; (b) the prepared ethylene glycol-acetate

DES:s.
Table 1. Scale strategy of ethylene glycol-acetate DESs.
Sample Ethylene Glycol (g) Sodium Acetate (g) Potassium Acetate (g)  Calcium Acetate (g)
EG:SA-4:1 90.199 29.801 0 0
EG:SA-5:1 94.913 25.087 0 0
EG:SA-6:1 98.340 21.660 0 0
EG:PA-4:1 86.004 0 33.996 0
EG:PA-5:1 91.170 0 28.830 0
EG:PA-6:1 94.973 0 25.027 0
EG:CA-24:1 108.482 0 0 11.518
EG:CA-30:1 110.605 0 0 9.395
EG:CA-36:1 112.067 0 0 7.933

The DES-based nanofluids were prepared using the “two-step method”, with the optimized DES composition as
the base fluid and CNTs as the nanoparticles. After preparing the base DES, the nanoparticles were mixed with the
solution at a specified mass ratio and sealed in a centrifuge tube. The mixture was then placed in a KQ5200DE ultrasonic
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cleaner (Kunshan Ultrasonic Instrument Co., Ltd., Suzhou, China) for ultrasonic treatment, ensuring thorough
dispersion of the nanoparticles and resulting in the formation of a stable nanofluid. The dispersion stability of the
nanofluids was investigated by exploring the effects of different nanoparticle concentrations, base fluid pH values, and
ultrasonic treatment times.

2.3. Characterization

Thermal stability analysis of the samples was conducted using a thermogravimetric analyzer (Shanghai Jingke
Tianmei RZY-1). A 20 mg sample was weighed using an analytical balance and heated from room temperature to
350 °C at a rate of 10 °C/min under a nitrogen atmosphere as the protective gas. The mass loss rate and mass loss
kinetics at different temperatures were obtained by software analysis.

The boiling points of the DESs were determined using a heating device and thermocouple. A suitable amount of
the sample was rinsed into a test tube, and approximately 5 mL of the sample was added. Clean glass beads were added
to prevent bumping. The thermocouple was fixed to the side of the test tube, ensuring that the probe tip was above the
liquid level of the sample. A data logger was used to record the temperature changes, and an alcohol lamp was ignited
to provide continuous heating. Heating was continued until the temperature stabilized, at which point the temperature
was recorded as the boiling point of the sample. Multiple measurements were taken, and the average value was used.

The melting point of the sample was measured using an ethanol-drikold bath and an alcohol thermometer. A
suitable amount of the sample was rinsed into a test tube, and approximately 10 mL of the sample was added. The test
tube was then immersed in a beaker containing ethanol and fixed using a test tube clamp and iron stand. A small amount
of drikold was added to the beaker to ensure that it did not directly contact the test tube. After the drikold was completely
sublimated, more were added. A thermometer was inserted into the test tube, and the sample was stirred up and down.
Once the sample cooled and formed a gel-like mass, the temperature was recorded as the freezing point. Multiple
measurements were taken, and the average value was used.

The specific heat capacity of EG and each DES was measured using a differential scanning calorimeter (DSC 25,
TA Instruments, New Castle, DE, USA) with the sapphire method. Three separate tests were conducted: a blank crucible
test, a sapphire standard sample test, and a sample test. The temperature range was set from 0 to 90 °C with a heating
rate of 10 °C/min. When calculating the specific heat capacity of the sample, the data from the blank crucible test were
subtracted. The specific heat capacity of the sample was calculated using the following formula:

(Y, =Yyomy

C,=———°
2 Yy =Yym, !

(1)
where Y, Y1, and Yo represent the heat flow values measured by DSC for the sample, standard sapphire, and blank
crucible at different temperatures, respectively; m, and m; are the masses of the sample and standard sapphire; ¢> and
c1 are the specific heat capacities of the sample and standard sapphire, with the specific heat capacity of the standard
sapphire being known [42].

The thermal conductivity of the samples was measured using a 9P3001-16003 device (Xi’an Xiaxi Electronic
Technology Co., Ltd., Xi’an, China) employing the transient hot-wire method. A 50 mL jacketed beaker was rinsed
with 5 mL of the sample, and approximately 40 mL of the sample was added. The thermal conductivity sensor, equipped
with a temperature monitor, was completely immersed in the sample to be tested. The jacketed beaker was connected
to a constant-temperature water bath, and the water pump of the bath was activated to control the sample temperature.
Once the temperature sensor reached the desired testing temperature, thermal equilibrium was monitored to ensure the
accuracy of the measurements. Five measurements were taken for each sample at each temperature point.

The dynamic viscosity of the samples was measured using a rotational viscometer (Shanghai Fangrui Instruments,
Shanghai, China, LVDV-2T). The sample liquid was added to the cup until the rotor was submerged, and the
temperature of the surrounding environment was adjusted by controlling the temperature of the constant-temperature
bath. During the measurement, the synchronous motor rotated at a constant speed, and the rotor was subjected to the
viscous torque of the fluid. The viscous resistance was proportional to the viscosity, and the instrument calculated the
viscosity data. Five measurements were taken for each sample at each temperature point.

The density of the samples was measured using a buoyancy densitometer. A 200 mL jacketed graduated cylinder
was rinsed with 10 mL of the sample, and approximately 180 mL of the sample was added. The jacketed graduated
cylinder was connected to a constant-temperature water bath, and the water pump of the bath was activated to control
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the sample temperature. Once the thermometer reached the required testing temperature, the density of the sample was
read using the buoyancy densitometer.

The dispersion stability of the nanofluids was qualitatively observed using a sedimentation observation method.
The photothermal conversion efficiency of the nanofluids was tested by constructing a photothermal conversion experimental
platform, which consisted mainly of a simulated sunlight lamp, a temperature data logger, and the testing unit.

3. Results and Discussion
3.1. Thermal Stability of DESs

The thermogravimetric (TG) and differential thermogravimetric (DTG) curves of the samples obtained from
thermogravimetric analysis are shown in Figure 2. Selecting specific temperatures corresponding to certain percentages
of mass loss is instrumental in assessing a material’s thermal stability and decomposition behavior. Typically,
temperatures at 5% and 30% mass loss are chosen as key indicators, representing the onset of decomposition and
significant structural degradation, respectively. A 5% mass loss often signifies initial chemical bond breakage or the
release of small molecules, marking a critical point in the material’s thermal stability. At 30% mass loss, the material
has typically undergone substantial decomposition, with its structure severely compromised and functional properties
largely lost, rendering it unsuitable for its intended applications [43]. A comparison of the TGA curve with the original
EG revealed that the initial decomposition temperatures of the DESs shifted to higher temperatures. Among these, the
EG-PA DESs exhibited a consistent shift, with the initial decomposition temperature increasing by 40—-50 °C and the
temperature for complete structural degradation rising by 35-45 °C. For the EG-CA DESs, the increase was smaller,
with the temperature for complete structural degradation rising by 10-20 °C. From the DTG curves, it can be seen that
the maximum decomposition rate of EG-SA DESs and EG-PA DESs shifted to higher temperatures and decreased,
while the maximum decomposition rate of EG-CA DESs occurred at a temperature close to that of EG, with a slightly
higher decomposition rate. Overall, the addition of acetate salts altered the original hydrogen bond network of EG,
enhancing the intermolecular forces and improving thermal stability. However, the improvement was influenced by the
type and blending amount of acetate salt; after the addition of potassium acetate, the enhancement in thermal stability
was particularly notable. In contrast, CA, with its relatively poor inherent stability, contributed only limited
improvement to the thermal stability of EG-CA DESs. Furthermore, with the increase in the acetate salt blending ratio,
an overall improvement in the thermal stability of the samples was observed.

It should be acknowledged that TGA-based thermal stability assessments may have certain limitations. Since TGA
focuses primarily on mass changes over a given temperature range, factors such as heating rate, sample atmosphere,
and potential side reactions can influence how thermal stability is interpreted. Moreover, TGA alone does not provide
direct insight into morphological or structural changes that may affect the material’s performance. Consequently, it is
generally recommended to employ a higher-precision TGA or combine TGA with other testing methods to gain a more
comprehensive understanding of a material’s thermal behavior.
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Figure 2. (a) TG curve illustrating mass-loss behavior of EG-SA DESs; (b) DTG curve highlighting decomposition steps of EG-
SA DESs; (¢) TG curve of EG-PA DESs; (d) DTG curve of EG-PA DESs; (e) TG curve of EG-CA DESs; (f) DTG curve of EG-
CA DES:s.

3.2. Liquid Phase Temperature Range of DESs

The liquid phase temperature range of each sample obtained from testing is shown in Figure 3. As can be observed,
due to the inherent properties of DES, the addition of acetate salts caused an increase in entropy, and in order to achieve
a higher level of disorder (liquid state), the mixture underwent a phase transition at lower temperatures. The DES
exhibited a general decrease in melting point, all of which were lower than the melting points of the original components,
further confirming that the prepared solution was a DES [44]. Meanwhile, due to the formation of new hydrogen bonds,
intermolecular interactions were strengthened, leading to a moderate increase in the boiling points of EG-SA DESs and
EG-PA DESs. However, the relatively poor stability of CA caused the DES to experience premature boiling. Overall,
the addition of SA and PA effectively broadened the liquid phase temperature range of EG, extending its application as a heat
transfer fluid and allowing it to demonstrate higher adaptability and flexibility in various industrial heat transfer processes.
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Figure 3. Liquid phase temperature range of ethylene glycol and ethylene glycol-acetate DESs.

3.3. Rheological and Thermal Properties of DESs

Figure 4a—c show the viscosity variation curves of EG-SA DESs, EG-PA DESs, and EG-CA DESs from 25 °C to
60 °C. As the acetate salt component increased, the viscosity of the DESs exhibited an increasing trend, with EG-PA
DESs showing the smallest increase in viscosity. Additionally, as the temperature increased, molecular motion
intensified, causing the viscosity of all samples to decrease gradually. Figure 4d—f show the thermal conductivity
variation curves of EG-SA DESs, EG-PA DESs, and EG-CA DESs from 25 °C to 65 °C. Due to the larger proportion
of salt components in EG-SA DESs and EG-PA DESs, the intermolecular arrangement became more complex, which
hindered the original heat transfer network, resulting in a decrease in both thermal conductivity and specific heat
capacity. In contrast, EG-CA DESs, with a smaller salt component, slightly reinforced the original heat transfer network,
leading to a slight increase in thermal conductivity. Figure 4g—i show the specific heat capacity variation curves of the
DESs from 25 °C to 85 °C. The trends and influencing factors were similar to those for thermal conductivity. The
enhanced intermolecular interactions in deep eutectic solvents increased resistance during energy transfer, meaning
more energy was required to induce molecular vibration or movement, leading to a decrease in specific heat capacity.
However, the addition of CA increased intermolecular activity, leading to a slight rise in specific heat capacity.
Furthermore, as the temperature increased, molecular motion intensified, and the thermal conductivity and specific heat
capacity of all samples showed an upward trend. Figure 4j—1 show the density variation curves of the DESs from 25 °C
to 65 °C. Density was primarily influenced by the density of the original components, with PA having a higher density,
resulting in a higher density of the corresponding DES. As the temperature increased, molecular motion intensified and
molecular distance increased, causing the volume of all samples to expand and the density to decrease.
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Figure 4. (a) Viscosity of EG-SA DESs at 25-60 °C; (b) viscosity of EG-PA DESs at 25-60 °C; (c¢) viscosity of EG-CA DESs at
25-60 °C; (d) thermal conductivity of EG-SA DESs at 25-65 °C; (e) thermal conductivity of EG-PA DESs at 2565 °C; (f) thermal
conductivity of EG-CA DESs at 25-65 °C; (g) specific heat capacity of EG-SA DESs at 25-85 °C; (h) specific heat capacity of
EG-PA DESs at 25-85 °C; (i) specific heat capacity of EG-CA DES at 25-85 °Cs; (j) density of EG-SA DESs at 25-65 °C; (k)
density of EG-PA DESs at 25-65 °C; (1) density of EG-CA DESs at 25-65 °C.

3.4. Dispersion Stability of DES Based Nanofluids

EG:PA-5:1 was selected as the base fluid for the nanofluid due to its excellent thermal stability, relatively broad
liquid range, low viscosity, moderate density, and minimal decrease in thermal conductivity and specific heat capacity.
The dispersion stability of the nanofluid was qualitatively studied through sedimentation observation, focusing on the
effects of nanoparticle concentration, ultrasonic mixing time, and base fluid pH value. Insufficient ultrasonic mixing
time leads to poor dispersion of the nanoparticles, causing agglomeration and resulting in suboptimal dispersion.
Excessive ultrasonic mixing time can cause intense collisions between nanoparticles, leading to agglomeration or even
surface chemical changes, which also negatively impact dispersion. When the pH value of the base fluid is close to the
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isoelectric point of the nanoparticles, the surface charge decreases, reducing electrostatic repulsion between particles,
which promotes agglomeration. When the pH value is far from the isoelectric point, the nanoparticles carry a higher
positive or negative charge, increasing electrostatic repulsion and enhancing dispersion stability.

As shown in Figure 5a, the dispersion stability of nanofluids with carbon nanotube concentrations of 0.06 wt.%,
0.08 wt.%, and 0.12 wt.% was explored under the conditions of an unadjusted base fluid pH and ultrasonic mixing for
20 min. After 12 h of standing, the 0.12 wt.% sample exhibited significant agglomeration and sedimentation, the 0.08
wt.% sample showed slight sedimentation and the 0.06 wt.% sample showed almost no sedimentation. As shown in
Figure 5b, under the conditions of an unadjusted base fluid pH and a nanoparticle concentration of 0.06 wt.%, the effect
of different ultrasonic mixing times (60 min, 40 min, and 20 min) on the dispersion stability of the nanofluid was
investigated. After 12 h of standing, the sample subjected to 60 min of ultrasonic mixing showed severe agglomeration
and sedimentation, the 40-min sample exhibited noticeable agglomeration and sedimentation, and the 20-min sample
showed almost no sedimentation. The pH of the DES base fluid was measured to be approximately 9. After adding
acetic acid as a buffering agent, the pH of the base fluid was adjusted to 8 and 7. As shown in Figure Sc, the effect of
different base fluid pH values on the dispersion stability of nanofluids with 0.08 wt.% nanoparticle concentration and
20 min of ultrasonic mixing was explored. After 12 h of standing, the sample with pH 7 showed noticeable
agglomeration and sedimentation, the sample with pH 8 showed almost no sedimentation, and the sample with pH 9
showed slight sedimentation. After 24 h of standing, the sample with pH 7 showed severe agglomeration and
sedimentation, the sample with pH 8 showed almost no sedimentation, and the sample with pH 9 showed some degree
of'agglomeration and sedimentation. After 36 h of standing, the sample with pH 8 showed some degree of agglomeration
and sedimentation, and the sample with pH 9 showed significant agglomeration and sedimentation. In summary, smaller
nanoparticle concentrations, shorter ultrasonic mixing times, and a pH of 8 were more effective in maintaining the
dispersion stability of carbon nanotubes in EG-PA DESs.

r
I
I
1
-
-
|
I
|
|

Figure 5. (a) Effect of different nanoparticle concentrations on dispersion stability; (b) effect of different ultrasonic mixing times
on dispersion stability; (¢) effect of different base fluid pH values on dispersion stability.

3.5. Thermal Stability and Thermal Properties of DES Based Nanofluids

As shown in Figure 6a,b, after adding 0.08 wt.% nanoparticles to the DES base fluid to prepare the nanofluid, the
maximum decomposition rate further decreased and shifted to higher temperatures. This resulted in a delay in the overall
thermal degradation process and an improvement in thermal stability. This effect can be attributed to the interaction
between the nanoparticles and the base fluid, which forms a protective effect. Additionally, the high surface area of the
nanoparticles allows them to disperse heat and reduce the activation of molecular motion effectively. As shown in
Figure 6d, compared to the DES base fluid, the specific heat capacity of the nanofluid increased by approximately 7.5%.
This is because carbon nanotubes possess a very high surface area, and when added to the fluid, they increase the
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available surface area for heat exchange. This change enhances the fluid’s energy absorption and improves heat
distribution, effectively increasing the overall heat storage capacity of the fluid thereby raising the total heat capacity
of the nanofluid. Additionally, as shown in Figure 6e, after the incorporation of nanoparticles into the base fluid, thermal
conductivity increased by approximately 3~4%. This improvement is due to the heat conduction bridging effect between
nanoparticles, which enhances heat transfer efficiency within the base fluid. Moreover, the nanoparticles increase the
contact area for heat transfer, alter the structure of the thermal boundary layer, and enhance both conduction and
convection, thus improving the overall thermal conductivity of the base fluid. As predicted, the incorporation of
nanoparticles also led to a slight increase in the fluid density.
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Figure 6. (a) TG curve of the nanofluid; (b) DTG curve of the nanofluid; (¢) heat flow curve for specific heat capacity measurement
of the nanofluid using the sapphire method; (d) specific heat capacity of the nanofluid; (e) thermal conductivity of the nanofluid;
(f) density of the nanofluid.
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3.6. Photothermal Conversion Efficiency of DES Based Nanofluids

The photothermal conversion experimental platform constructed is shown in Figure 7a. The test unit consists of a
50 mL beaker containing 50 mL of the sample, with temperature measurement points placed at the 5 mL, 25 mL, and
45 mL marks, representing the bottom, middle, and top layers of the fluid, respectively. The outside of the beaker is
wrapped with wool for thermal insulation. Direct irradiation is provided by a solar simulator, with the radiation intensity
of the simulated light source measured by a light power density meter at 1500 W/m?. Figure 7b—d show the photothermal
conversion curves obtained from the tests. The photothermal conversion efficiency of each fluid was calculated using
the following formula:

_ & _gmy AT

Q 1A At @

In the equation, Qrrepresents the heat absorbed by the fluid under illumination, Q represents the heat from the light
source irradiated on the medium, ¢srepresents the specific heat capacity of the nanofluid, mf represents the mass of the
fluid, AT represents the temperature change of the fluid, A¢ represents the duration of the illumination heating, /
represents the light intensity, and A represents the area of the fluid exposed to the light [45].

As shown in Figure 7e—g, during the T1 period (illumination time from 0 to 1000 s), the photothermal conversion
efficiency of the upper layer nanofluid reached 42.7%, exceeding those of DES and EG by 43.3% and 52.5%,
respectively. The pronounced enhancement in the CNT-based nanofluid’s photothermal conversion efficiency can be
primarily attributed to the outstanding properties of CNTs. Owing to their extensive conjugated m-electron network,
CNTs can absorb light across a broad spectral range, thereby converting incident photons into thermal energy with high
efficiency. Furthermore, their large aspect ratio and exceptional thermal conductivity facilitate rapid heat transfer and
distribution throughout the fluid. As a result, these synergistic characteristics collectively yield significantly higher
photothermal conversion efficiencies compared to DES and EG. The photothermal conversion efficiencies of the
nanofluid in the middle and lower layers during the T1 and T2 periods (illumination time from 2000 to 3000 s) were
also higher than those of DES and EG. However, due to the relatively low light transmittance of the nanofluid in the
lower layer, the temperature approached equilibrium after the T3 period (illumination time from 4000 to 5000 s),
resulting in a lower photothermal conversion efficiency. Overall, during the heating phase at 60 °C and for fluid layers
within 30 mm, the photothermal conversion efficiency of the CNT-based nanofluid was significantly superior to that of
DES and EG.
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Figure 7. (a) Schematic diagram of photothermal conversion experimental platform; (b) photothermal conversion curve of the
nanofluid; (¢) photothermal conversion curve of the DES; (d) photothermal conversion curve of EG; (e) photothermal conversion
efficiency of the upper layer fluid at different time intervals (T1: 0-1000 s, T2: 2000-3000 s, T3: 4000-5000 s); (f) photothermal
conversion efficiency of the middle layer fluid at different time intervals; (g) photothermal conversion efficiency of the bottom
layer fluid at different time intervals.

4. Conclusions

This study, through systematic experiments and analysis, developed a series of DESs based on ethylene glycol and
different types of acetates and conducted an in-depth investigation of their thermophysical properties. The results
showed that the DES formed from the combination of EG and PA exhibited excellent thermal stability, with its liquid
phase temperature range expanded from —14~196 °C to —40~201 °C, significantly enhancing its adaptability as a heat
transfer fluid. Building on this, EG:PA-5:1 DES was selected as the base fluid, and nanofluids were prepared by doping
with 0.08 wt.% carbon nanotubes. The dispersion stability and thermal performance were further improved by
optimizing ultrasonic mixing time and base fluid pH. Experimental data indicated that the introduction of carbon
nanotubes significantly enhanced the heat transfer properties of the nanofluid, with thermal conductivity increasing by
approximately 3%, specific heat capacity rising by 7.5%, and photothermal conversion efficiency reaching 42.7%
during the heating phase below 60 °C. This confirmed the excellent synergistic effect between the nanoparticles and
DES, and demonstrated the potential applications of this system in efficient energy management.
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