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ABSTRACT

In this study, a thermal media is synthesized by mixing hydrogen bond acceptor (HBA)
[Methyltriphenylphosphonium bromide (MTPB)] salt with hydrogen bond donor (HBD) [ethylene glycol]
at a molar ratio of 1:4. Thereafter the corresponding nanofluid was prepared by dispersing 0.02 wt%
Multi-Walled Carbon Nanotube (MWCNT) having a diameter 10-30 nm in the base fluid. Prior to disper-
sion, the shape and morphology of the MWCNT were ascertained using both Field Emission Scanning
Electron Microscope (FESEM) and Field Emission Transmission Electron Microscope (FETEM). The crys-
tallinity and functional groups were investigated by X-ray Powder Diffraction meter (XRD) and Fourier
Transform Infrared Spectroscopy (FTIR). The stability of the prepared nanofluid was initially performed
using visual observation followed by zeta potential measurements. Thermogravimetric analysis (TGA)
was performed to check the stability of nanofluid at a temperature close to 500 °C at a heating rate of
10 °C/min under nitrogen environment. Thermophysical properties such as density, viscosity, thermal
conductivity, and specific heat of nanofluid were measured in the temperature range 25-85 °C. It is evi-
dent from the experimental data that viscosity and density decrease with an increase in temperature. On
the contrary, the specific heat and thermal conductivity of the nanofluid were found to increase with
temperature. This is due to the induced Brownian motion of the nanoparticle, which results in higher
kinetic energy at high temperature. In the penultimate section, Molecular Dynamic (MD) simulations
were performed to compare and validate the results of thermal conductivity of nanofluid.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Deep Eutectic Solvents (DES) are a new class of organic solvents.
It is gaining attraction due to its various beneficial physical and

Environmental concerns have initiated researchers to create
alternative, inexpensive, efficient, and sustainable energy sources
due to the global warming induced by fossil fuel use. In terms of
environmental concerns, the green solvent is one of the alternate
methods for reducing the impact of pollution in applications such
as extraction and thermal media. The use of green solvent or tech-
nology reduces wastewater pollutants, toxic chemical substances
and also improves technology. Here ‘green’ refers to the prepara-
tion of chemicals such as solvents and fluids through non-fossil
fuel sources. Pharmaceutical companies are now using greener
synthesis routes for drug development so as to reduce pollution
and manufacturing costs [1].
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chemical properties [2-5]. They are analogous to Ionic Liquids
(IL’s), which are known for recent industrial applications|6]. Appli-
cations concerning IL’s for extractions are also well documented
[7-10]. The physicochemical properties of ILs are similar to DES
and include low volatility, low flammability, higher thermal and
chemical stability. For their interesting properties, IL’s are alterna-
tive to conventional organic solvents [11-13]. But due to its high
manufacturing and toxicity issues, primarily from their
petroleum-based precursors, alternative solvents are still gaining
importance. Further, most of the IL’s are highly viscous and difficult
to synthesize. With respect to thermal media, Wu et al. [14] syn-
thesized IL’s namely [C4min] [PFg], [Csmin] [PFg], and [C4 min]
[Tf,N] (TfyN: bis trifluoromethane sulflonimide) and used them
as heat transfer fluid for solar thermal power plant.

Tonic liquids (ILs) can also be referred to as green solvents due
to their excellent thermal and chemical stability and low volatility.
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But, they are less desirable in nanofluid applications due to their
high toxicity and non-biodegradability as the most of them has
precursors based on petroleum. Further the complicated procedure
of preparing ILs hinders it application as unlike DES, it requires a
number of unit operations for its synthesis. Compared to IL, DES-
based nanofluids are more environmentally benign and scale-up-
friendly as some of them originate from natural precursors (be-
taine, urea) and are known as Natural Deep Eutectic Solvents
(NADES) [15]. As the base fluid is formed by combining HBA and
HBD, no waste product is generated throughout the preparation.
This is why the current DES is adopted as base solvent in heat
transfer applications due to their low viscosity and density. Indus-
trially, DES-based nanofluids offer a more significant potential for
usage as heat transfer fluids and energy harvesting applications
than IL-based nanofluids [16].

Due to its attractive beneficial and enhanced properties, DES
has promised several industrial applications in the food processing,
power, extraction, and nanotechnology domains. Generically, DES
are formed by mixing defined amount of Hydrogen Bond Donor
(HBD) and Hydrogen Bond Acceptor (HBA). These are a certain
class of liquids at ambient conditions (freezing points below
25 °C), which are binary compositions of two components, a
Hydrogen Bond Donor(HBD) and a Hydrogen Bond Acceptor
(HBA), each of which has a melting point above that of the DES;
hence they are eutectics. According to Abott et al. [4] the lattice
energy decides the interaction between HBD and HBA and also
point out the formation of an eutectic mixture. DES are subgroup
of room-temperature ionic liquids (RTILs) but are binary mixtures
contrary to ordinary IL’s that are single substances. It has been said
that DES are not novel compounds or a new type of compound but
binary or ternary mixtures. Further, the presence of a eutectic point
in a mixture cannot be used to define or characterize a DES since
essentially all mixtures of compounds immiscible in the solid
phase will present a eutectic point. Chen and Mu [17] used DES
to treat and dissolve chemicals from biomass. Shisov et al. [18]
reported various applications of DES in analytical chemistry. They
also used DES to improve the nanoparticle extraction efficiency
and used it in chromatography as a mobile phase additive.

Choi et al. [19] first introduced the term ‘nanofluid’, which
defines as a liquid containing nanometre size particles. Nanofluid
is employed as an excellent heat transfer medium in many practi-
cal applications due to its enhanced physical features [20-22], such
as density, dynamic viscosity, specific heat, and thermal capacity.
Several studies have been conducted using dispersed nanoparticles
to assure the enhancement of the nanofluid’s physical properties
and thermal stability. Carbon nanotubes (CNTs) have sparked a
lot of attention in recent years due to their exceptional electrical
and mechanical capabilities [23]. Multi-walled carbon nanotube
containing nanofluid leads to the enhancement of thermal conduc-
tivity. The increase of the ultra-sonication time is also known to
increase the fluid’s thermal conductivity up to a certain extent
[24]. Similar work has been reported by Mahbubul et al.[25] where
they studied the effect of ultra-sonication time on the stability and
rheological properties of the nanofluid containing 0.5 vol% of
spherical Al,0s; nanoparticles. They reported that increasing the
ultra-sonication period leads to a decrease in the NF’s dynamic vis-
cosity. Y. Hwang et al. [26] used various nanoparticles such as
MWCNT, fullerene, CuO, SiO, to prepare nanofluid in (a)water,
(b) ethylene glycol, and (c) oil as a working fluid. The experimental
results show that the thermal conductivity of the nanofluid rises as
the volume fraction increases except for water-based fullerene
nanoparticles.

Borode et al.[27] reported application of carbon nanotube-
based nanofluid in the heat exchanger. The result shows that
carbon-based nanofluid can improve the performance of the heat
exchanger and reduce the heat exchange area. Ilyas et al. [28] syn-
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thesized Multi-walled carbon nanotube(MWCNT) and observed
the stability of thermal 0il-MWCNT based nanofluid at various con-
centrations 0-1 wt%. Similar work has been done by Salam and
Burk [29], where they studied functionalized MWCNT with Poly-
ethylene Glycol (PEG) and octadecylamine (ODA). Carbon-based
nanoparticles can be used in industrial cooling operations [30],
automotive cooling applications [31], electronic cooling (microchip
cooling)[32,33], extraction of geothermal power and other energy
sources [34], microscale fluidic applications [35] and solar desali-
nation system [36]. All the application has been benefited from
the use of using DES as a base fluid in the preparation of nanofluids.
Nanofluids based on DES, may be also used in biomedical applica-
tions such as nanodrug delivery [37,38], nanocryosurgery [39] and
cancer therapies [40] due to their low toxicity and environmental
friendliness. Due to its high thermal conductivity, DES/MWCNT
nanofluid is particularly well suited for heat transfer applications.
The DES/MWCNT-based nanofluid has the potential to be used in
multistage flash solar desalination systems.

In this current work (MTPB) as HBA and EG as HBD were mixed
in the molar ratio 1:4 and used as base fluid. After that, the nano-
fluid with MWCNT were prepared using a two-step method, by dis-
persing 0.02 wt% nanoparticles. Thermophysical properties of the
MTPB-EG based DES and the thermal stability of the nanofluid
were thereafter analyzed at high temperatures. In the penultimate
section, the thermal conductivity was compared and validated
with the results obtained from the Non Equilibrium Molecular
Dynamics simulations.

2. Experimental details
2.1. Materials

Ethylene glycol (EG)(C;HgO,) with > 99% purity was obtained
from Merck India. Methyltriphenylphosphonium bromide (MTPB)
(Cy9H1BrP) was purchased from SRL India Pvt. Ltd. with > 98% pur-
ity. Multi-Walled Carbon Nanotube (MWCNT) with 10-30 nm
diameter and 5-15 um length was obtained from TCI chemicals.
The composition of DES was confirmed by Nuclear Magnetic Reso-
nance Spectroscopy (H NMR). The chemical composition of MTPB,
EG, and optimized structure of MWCNT are shown in Table 1 and
Fig. 1.

2.2. Characterization of Multi-Walled carbon nanotube (MWCNT)

The morphology and shape of MWCNT nanoparticles were
investigated by Field Emission Transmission Electron Microscope
(FETEM, JEOL-JEM2010) and Field Emission Scanning Electron
Microscope (FESEM Sigma 300, Zeiss). The crystallinity structure
of MWCNT was analyzed by Powder X-ray Diffraction (XRD Bruke
D8, advanced X-ray diffraction measurement system) at room tem-
perature in the range of 20 from 10 to 80°. Fourier Transform Infra-
red Spectra analyzer (FTIR, Perkin—-Elmer, Norwalk, USA) was used
to ascertain if any functional groups or chemicals were present in
MWCNT and the nanofluid. The absorption spectra were recorded
in the range between 500 and 4000 cm™ .

2.3. Synthesis of DES

In this work, DES was prepared by mixing 1 mol of MTPB and
4 mol of Ethylene Glycol in a round bottom flask. A reflux con-
denser was used to minimize the loss of vaporization. The mixer
was stirred continuously on a magnetic stirrer hot plate (TARSONS
SPINOT magnetic stirrer/hot plate-DIGITAL, MC 02, India) for 24 h
until a clear liquid was formed. The mixer was kept overnight at
room temperature to observe solidification. When two compo-
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Chemical Structure

Molecular formula Number of moles

Table 1

Chemical compositions of DES.
Name CAS No.
Methyltriphenylphosphonium bromide [MTPB] 1779-49-3
Ethylene glycol [EG] 107-21-1

Cy9H;8BrP 1

(0

HO
\/\OH

C,Hg02 4

Fig. 1. Representative structure of carbon nanotube.

nents with higher melting points are mixed in a defined molar
ratio, the resulting melting point is called eutectic point, which is
less than the melting point of the individual component. DES are
not novel compound or a new type of compound, but binary or
ternary mixtures. It should be noted that the presence of a eutectic
point in a mixture cannot be used to define or characterize a DES
since essentially all mixtures of compounds immiscible in the solid
phase will present a eutectic point Abott, et al. [4] attributed the
first DES to a choline chloride and urea combination in 2003. Cho-
line chloride has a melting point of 302 °C, while urea has a melting
point of 133 °C. Their combined melting point is 120 °C, which is
lower than the melting points of urea and ChCl. The molar ratio
can also be predicted by the COSMO-SAC model [17], where solid
Liquid Equilibria (SLE) prediction can be made prior to experimen-
tation. In our work, we refer the DES or eutectic mixture to the pair
HBD-HBA with a eutectic point dependent of the specific composi-
tion we are working with. From analysis of the 'H NMR spectra of
the prepared DES, we can confirm the (4:1) molar ratio of the DES.

2.4. Preparation of nanofluids

The nanofluid formation is the vital step that shall help us
enhance the thermal characteristics of heat transfer fluid. The
agglomeration of the solid particle is critical and if it occurs, it shall
lead to poor thermophysical properties of DES-based nanofluid.
Agglomeration, cluster formation, and faster settlement in fluids
are usually caused by high surface energies and subsequent inter-
actions of nanoparticles. To maintain the improved thermal char-
acteristics, a stable nanofluid must be synthesized. The
maximum stability time can be defined as the amount of time that
the nanofluids remains completely scattered [41].

Overall there are two primary methods for preparing nanofluid
[42-45], namely: two-step method and one-step method. How-
ever, both methods have some advantages and disadvantages.
Within the two-step preparation method, the first stage consists

of the synthesis of nanotubes or nanofibres, in the form of dry pow-
ders via physical or chemical methods. Thereafter the synthesized
dry powders are dispersed in base fluids. This process is recom-
mended for the production of large-scale nanofluids [46,47]. The
size and shape of the nanoparticles are easily controlled in a
two-step method. To alleviate the possible settling of the nano-
fluid, ultrasonication and mechanical stirring are used to improve
nanofluid dispersion. In the single-step process, the nanoparticle
and base fluid are prepared and simultaneously dispersed to form
nanofluid [42,48]. Although the one-step method gives good stabil-
ity and dispersion of the nanofluid, there is complexity involved in
the preparation method where the size, shape and concentration of
the nanoparticles are difficult to control. Hence, we have adopted
the two step process where the nanoparticle was directly
purchased.

In this work, the dispersion stability of nanofluids are checked
by performing Zeta potential measurement through Delsa Nano
(Delsa Nano C, BECKMAN COULTER). A thermogravimetric analyzer
(TGA) is used to determine the thermal stability of the nanofluid.
The nanofluid is prepared by mixing 0.02 wt% of MWCNT in DES.
Initially, the mixture of solvents and MWCNT were mixed on a vor-
tex mixer (SPINX MC-01, Tarsons). After mixing, the mixture was
placed in an ultra-sonication chamber (GT-1990QTS) to get a
homogeneous and uniform suspension of particles which pre-
vented the agglomeration of carbon nanotube.

2.5. Thermophysical properties

Measurement of thermophysical data of nanofluid gives infor-
mation about the transport system of the fluid. The nanofluid
was characterized by thermo-physical properties like density, vis-
cosity, thermal conductivity, and specific heat capacity. All these
properties were measured at different temperature ranges. The
densities of DES and DES + MWCNT nanofluids were measured
by using an Anton Paar Densitometer (DMA 4500 M) at various
temperatures ranging from 25 to 85 °C. The accuracy of density
measurement was estimated as 0.0001 g/cm?. Density is the criti-
cal parameter for calculating the pressure loss and pumping power,
and it works on the basis of the U-tube Oscillatory concept. It is
made out of a single U-shaped glass tube that is stimulated and
oscillates at a particular frequency. That frequency calculates the
density of the sample.

Rheological properties of the nanofluid were measured using
Anton Paar Interfacial Rheometer (Phsica MCR301). Viscosities
were calculated within the temperature range 25-85 °C with an
accuracy of & 5%. The shear rate was measured in the range of
0-85 s~!. The rheometer consists of a round parallel plate that is
used to measure viscosity at various temperature ranges. The ther-
mal conductivity of DES and nanofluids was measured by KD2 pro
thermal analyzer (Decagon Device, USA) at different temperatures
with an accuracy of 4+ 0.0096 W/m K. KD2 pro thermal analyzer



N. Kumar Das, P. Kumar Naik, D.N. Reddy et al.

worked on the principle-based on hot wire method. Specific heat
capacity was measured by performing Temperature Module Differ-
ential Scanning Calorimeter (TMDSC: NETZSCH STA 449F3) at a
temperature from 45 to 90 °C. Sapphire is used as standard com-
parison material under nitrogen environment at a heating rate of
10 °C/min. It was based on the principle of heat flow, which is a
function of temperature that maintains sample and reference at
the same temperature.

2.6. Stability analysis

The particle-particle intermolecular force van der Waals attrac-
tion force dominates the other repulsive forces as it causes rapid
settlement and agglomeration between the particles [46,49]. As a
result, it increases the size of the clusters, which may cause the
reduction in thermal properties of the nanofluid. Therefore, the
stability analysis of nanofluid is important before its use in appli-
cation such as direct solar thermal absorption. We have adopted
both visual observation and zeta potential analysis for the stability
of the nanoparticles.

2.6.1. Visual observation and optical microscopy

Here the nanofluid was prepared by a two-step method and
sonicated for 8-10 min to make the suspension homogenous.
The prepared nanofluid was kept at room temperature for four
weeks undisturbed. Visual observation was formulated to view
the settling of the nanofluid. Cluster size and nanotube dispersion
in the nanofluid were observed by capturing the images through an
optical microscope (Axiostar plus, Carl Zeiss, Germany). The micro-
scopic images were thereafter analyzed to study the particle dis-
persion in the working fluid.

2.6.2. Zeta potential measurement and thermo Gravimetric analysis
(TGA)

Zeta potential measurement was measured by Delsa Nano
(Delsa Nano C, BECKMAN COULTER) instrument to see the stability
and particle size distributions of the particles in nanofluid. The
electrical potential created at the solid-liquid interface as a result
of the relative mobility of solid particles and liquid is referred to as
the zeta potential [50]. According to Mehrali et al [51], the zeta
potential value of — 30 mV to + 30 mV is considered stable.
Whereas, Vandsburger [52] considered moderate stability when
the zeta potential value is close to + 30 mV. A value close to
45 mV ensures the complete stability of nanofluids. The high sta-
bility of the nanofluid system is demonstrated by a zeta potential
value greater than + 60 mV [53]. Thermo Gravimetric Analysis
(TGA) (TG209 F1, Libra, NETZSCH, Germany) was also performed
to determine the thermal stability of the nanofluid. The sample
was studied under nitrogen atmosphere at a heating rate of
10 °C/min.

3. Computational details

Classical molecular dynamics (MD) simulations were performed
with the use of GROMACS 5.0.4[54,55] and LAMMPS [56] software.
The equilibration was carried out with GROMACS 5.0.4, and ther-
mal conductivity calculations were performed with LAMMPS.
OPLS-AA force fields were used to define the bonded and non-
bonded terms[57]. The charge scaling of 0.8 was applied to the
HBA and HBD similar to lonic Liquids[58]. This is analogous in
comparing the charge transfer effect in ILs. Earlier work has
reported a scaling factor of 0.9 on the ions of [C;mim][Cl] to give
better results[59]. We have also showed that charge scaling factor
gives appropriate structure and physical properties in one of our
earlier studies[60].

Journal of Molecular Liquids 354 (2022) 118892

Fig. 2. MD snapshot of the system.

The initial structure of carbon nanotubes (CNT) was generated
using the VMD software [61]. The g_x2top tool from the GROMACS
5.0.4 was used to generate the force field for the CNT. The HBA and
HBD were optimized using Gaussian software[62] with B3LYP[[63-
65] method and 6-311 + G(2d,p) basis set. Partial charges were
generated using the Antechamber package[66]. For the overall
periodic box,8 carbon nanotubes, 1600 ethylene glycol (EG) mole-
cules, and 400 HBA (Methyltriphenylphosphonium bromide,
MTPB) and 100 HBD (ethylene glycol)were randomly packed into
the cubic cell using Packmol software[67] (Fig. 2).

Generated structure from the Packmol software were then used
for further simulations in GROMACS. Energy minimization was
performed using the steepest descent method[68]. After energy
minimization, the system is heated above 200 K when compared
to the target temperature in the NVT ensemble. Thereafter the sys-
tem was cooled to the respective temperature using the annealing
method. In the annealing procedure, the temperature is decreased
by 20 K for each nanosecond run for 10 steps. Surface effects were
eliminated using the periodic boundary conditions. Integration of
the equations of motion was carried out using Velocity-Verlet alg
orithm. Bonds that are linked to hydrogen atoms were constrained
using the LINCS algorithm. 10 ns equilibration was carried out
using the NVT ensemble at the target temperature. 10 ns NPT run
was performed using the V-rescale thermostat/69], using the
Berendson barostat [70], with coupling constants of 0.1 and
2.0 ps, respectively. A 20 ns run in NPT run was performed using
V-rescale thermostat [69] and Parrinello-Rahman[71] barostat.
The V-rescale thermostat was used in the NVT ensemble for
20 ns. GRO2LAM software was used to convert the topology from
GROMACS format to LAMMPS. 20 ns simulation was done to calcu-
late the thermal conductivity. The reverse non equilibrium molec-
ular dynamics (RNEMD) procedure was used to evaluate the
thermal conductivity [72]. RNEMD is a widely used technique in
previous literature [73-76]. Time step of 2 fs was used throughout
the simulations. Cut off for nonbonded interactions was 1.2 nm.

4. Results and discussions
4.1. "H NMR of DES

The composition of the DES was confirmed by 'H NMR (Fig. 3).
The absence of extra peaks in the spectra implies that there is no
chemical reaction, and the mixture is stable. The details of 'H
NMR analysis have been reported in our previous publication [77].
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Fig. 3. NMR spectra of pure DES 'H NMR.

4.2. Characterization and morphological studies

Field Emission Transmission Electron Microscope (FETEM) was
used to investigate the shape and morphology of the MWCNT
nanoparticle. Fig. 4(a) & (b) and 4(c)&(d) shows the FETEM and
FESEM images of MWCNT with 200 nm and 100 nm scales, indicat-
ing that the diameter varies from 30 nm to 50 nm. This diameter
was confirmed by Scanning Electron Microscope (SEM) with
200 nm and 100 nm scale. Fig. 5(a) shows the X-ray diffraction pat-
tern of multi-walled carbon nanotube (MWCNT). A sharp peak at
(002) plane 26 = 26.4° is visible. This implies the periodicity of
the atom in MWCNT. However, low-intensity peak at (100),
(004) and (110) planes at 26 = 43.04°, 26 = 53.68°, 20 = 78.0°
clearly indicates the crystalline structure of the MWCNT. No other
peaks were observed, which implies the high purity and non-
functionality of the nanotube. Fourier transform infrared spec-
troscopy (FT-IR) analysis of MWCNT, and DES-based nanofluid is
shown in Fig. 5(b). Characterization of FTIR spectroscopy was per-
formed to analyze the presence of functional groups or impurity on
the multi-walled carbon nanotube (MWCNT). Different peaks were
observed in the medium infrared region where wave number
ranges between 500 and 4000 cm~'. An absence of a peak in FTIR
MWCNT spectra negates the presence of functional groups, impu-
rities, or C = C attachment. Further, there is no hydroxyl group (-
OH) group as the analysis was performed in a moisture-free
environment.

4.3. Stability analysis

4.3.1. Visual observation and optical microscopy

In the initial part, visual observation was used to analyze the
stability of the nanofluid. Photographs of nanofluid were taken
after sonication within a gap of 15, 20, and 29 days respectively,
as shown in Fig. 6(a). On visual inspection, there is no precipitation
observed initially for the first two weeks. However, slight precipi-
tation was observed on the 20th day, and some particles were
observed to settle on the 29th day (Fig. 6(a)). The visual observa-
tion method from the figure shows that 0.02 wt% MWCNT based
nanofluid gave excellent stability till 15-20 days.

Fig. 6(b) depicts optical microscopic pictures that reveal the
homogeneous dispersion of nanoparticles in the working fluid.

The photograph was captured in a high-resolution magnitude of
10X and 20X. From the images, it was noticed that nanoparticles
are uniformly distributed in the DES base fluid. Images were cap-
tured by a normal light microscope, so it could not determine the
accurate size and shape of the nanoparticle. However, it can pro-
vide a quality evaluation of the size of the nanoparticle in the base
fluid.

4.3.2. Zeta potential and thermo Gravimetric analysis (TGA)

Thermo Gravimetric Analysis (TGA) was performed to deter-
mine the thermal stability of the nanofluid. TGA was performed
at a heating rate of 10 °C/min under nitrogen atmosphere. The
degradation of MWCNT-DES nanofluid with respect to the temper-
ature is shown in Fig. 7. Two-stage mass losses were observed in
the phosphonium-MWCNT based nanofluid. Degradation of the
nanofluid was first observed at 96.88 °C when the sample was
heated from 25 °C to 500 °C. Thereafter degradation was observed
from 110 °C, which ends at ~ 180 °C. The second weight loss was
observed at 328.22 °C. Complete decomposition was observed at
400 °C. Thereafter, a gradual loss was observed when heated up
to 500 °C. In TGA, the two-stage degradation of the nanofluid indi-
cated the high thermal stability of the nanofluid till 320 °C.

The isothermal TGA has been done under nitrogen atmosphere
at the heating rate of 20 °C/min for 12 h. DES based nanofluid
shows rapid degradation after heating the samples at 80 °C,
120 °C and 160 °C respectively (Fig. 8). The thermal stability of
the fluid is around the order of 50-60 min. It is visible from
Fig. 8 that the mass loss is very high at the beginning of the heating
process primarily at higher temperatures of 120 °C and 160 °C and
then almost constant after 100 min. Around 35% and 39% mass loss
was observed at temperatures 160 °C and 120 °C respectively,
whereas approximately 22% mass loss was observed at tempera-
ture 80 °C. The steady outcome can be attributed to the low weight
concentration of the nanoparticle in the deep eutectic solvent
[78,79].

Zeta potential measurement were performed to check the dis-
persion and stability of the nanofluid through the observation of
electrokinetic potential [80,81]. From definition, two seperate lay-
ers arise around nanoparticles when they are distributed in the
base fluid. The stern layer is the layer that is connected to the par-
ticle. The diffuse layer, the layer below the stern layer, is weakly



N. Kumar Das, P. Kumar Naik, D.N. Reddy et al.

200mm  gNT= 300KV WD= 27mm
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Fig. 4. Field Emission Transmission Electron Microscope (FETEM) with scale (a) 200 nm; and (b) 100 nm and Field Emission Scanning Electron Microscope (FESEM) images of

MWCNT with (¢) 200 nm and (d) 100 nm.

bonded by the nanoparticle. The combination of both layers is elec-
trically neutral and hence is known as the electric double layer
(EDL). Zeta potential is generated in the interface of EDL and here
is measured in millivolts (mV). A high zeta potential indicates
stronger repulsive forces, which increases the probability of parti-
cle agglomeration. The nanoparticle’s large surface area and small
size combines to reduce their surface area, resulting in strong van
der Waal forces. The strong van der Waal forces attract the other
particles, resulting in the formation of an agglomeration. According
to Vandsburger [52], nanofluids are nearly stable when particles
having a zeta potential value is near about 4+ 30 mV. If the zeta
potential value is close to 45 mV, the stability of nanofluids is
ensured. Nanofluid gives excellent stability if its value lies above
+ 60 mV. Fig. 9 represents the value of the zeta potential curve,
which came to be —90.12 mV indicating high stability.

4.4. Density and viscosity

Density is an essential factor for heat transfer fluid as it deter-
mines the flow behavior of the fluid. Experimentally measurement
of density is reported in Fig. 10(a) and compared with commer-

cially available heat transfer fluid Therminol VP-3
(Phenylcyclohexane + bicyclohexyl) [82]. The experimental data
indicated that the density of both DES and nanofluid decreases
with temperature from 25 to 85 °C. Also, it was noted from the fig-
ure that the density of both nanofluid and DES is more than that of
commercial fluid Therminol VP-3. Experimentally, nanofluid con-
taining 0.02 wt% of MWCNT has low density than that of the base
fluid. However, measured density variation between the DES and
nanofluid is insignificant. This is attributed to the size of the
nanoparticle. Here, thermal expansion occurs due to the increase
in temperature, which results in higher kinetic energy of the mole-
cules. A linear correlation was established between density and
temperature as provided in equation (1) with regression value

R? = 0.99952 and standard error value.+4.542 x 10°°

p=12417-716 x 10 *T+4.542 x 10°° (1)

Where p(gm/cm?) is the density and T (K) is the temperature of
the DES or Nanofluid.

Experimentally measured values are compared with the avail-
able conventional mode namely Pak and Cho model [83], given
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in equation (2). This model is based on the volumetric concentra- Prf = @ yPrp + (1- (p,,)pbf (2)
tion and pure density of nanoparticle and base fluid. To compare
the experimental results to this model, we have used equation
(3) to convert the weight fraction into volume fraction.

Where, 0,0, Ppr and @, are the density of nanofluid, nanopar-
ticle, base fluid, and volume fraction of nanoparticle, respectively.
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Where, m, and p denote volume fraction of the nanoparticles
(%), solid mass (kg), and density (kg/m3) of the nanoparticle,
respectively. It was seen from the Fig. 10(b) that the results of
the Pak and Cho model were very close to the experimental data.

Experimental measurement of viscosity for both DES and nano-
fluid were performed at different temperatures for a constant shear
rate (dw/dt = 50 sec’") (Fig. 11(a)). It is observed that the viscosity of
DES decreases with an increase in temperature from 25 to 85 °C.
Similar results are observed when 0.02 wt% of MWCNT is added
into the DES. Here the viscosity of the nanofluid decreases from

x 100
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Fig. 8. Isothermal TGA of DES + MWCNT nanofluid at different temperatures.

89.1 cP to 9.9 cP when temperature increases from 25 to 85 °C.
Both the nanofluid and DES show higher viscosity than commercial
fluid Therminol VP-3. However, it was observed that the presence of
DES makes the inherent viscosity lower than the base fluid. It was
also observed that the viscosity decreases exponentially with tem-
perature. An exponential correlation was established with a regres-
sion value of R? = 0.99 to predict the viscosity of the different
volume concentrations of the nanofluid.

1 =0.00684 + 0.3523¢005947T 4

Here p is the viscosity in Pa.s and T is the temperature of the
nanofluid in Celsius. It should be noted that a lower viscosity of
the nanofluid results in lower pressure drop, which lessens the
pumping costs. The measured experimental viscosity values were
compared with the available theoretical model; Brinkman model
[84] as given in equation (5).
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Where, p,, and (i, are the viscosity of nanofluid and base fluid,
respectively.¢ is the volume fraction. It should be noted that the
Brinkman model (Fig. 11(b)) is suitable for bigger nanoparticle size,
therefore the results for viscosity in smaller nanoparticle size is not
accurate. Furthermore, the effect of temperature is not considered
in this model. Newtonian fluid behavior of the nanofluid was con-
firmed from shear stress and shear rate data. From Fig. 12, a linear
trend was observed at three different temperatures, namely 25 °C,
30 °C, and 35 °C. The data were obtained from different shearing
times indicating the fluid’s Newtonian behavior. Fig. 12 shows that
as expected viscosity is strongly dependent on temperature.

We compared the obtained thermo physical properties with lit-
erature and observed the same results as Ilyas et al. [28,85], who
reported a minor difference in density between base fluid and
nanofluids which is consistent with our findings. According to pub-
lished data, the density difference between MWCNT-thermal oil
nanofluid and base fluid was 0.76 kg/m> and 0.61 kg/m> at 30 °C
and 40 °C, respectively. Our investigation found that the density
changes between 30 °C and 40 °C were 0.001 and 0.002 kg/m>,
respectively. Similarly, the viscosity of the reported nanofluid
and base fluid decreases with increased temperature, consistent
with the literature [28]. Beheshti et al. [86] reported a 0.9% decre-
ment of viscosity in nanofluid (MWCNT + Transformer oil) with
0.01 wt% concentration. This work reported, 11.3% and 9.5% decre-
ment at 30 °C and 40 °C in 0.02 wt% DES-based nanofluid. However,
the literature showed the opposite result [28], where 11.8% and
11.3% increments were found in 0.1 wt% nanofluids at 30 °C and
40 °C respectively.

b = 5

4.5. Thermal conductivity and specific heat

Thermal conductivity of both base fluid and nanofluid were
measured against different temperatures and shown in Fig. 13(a).
The thermal conductivity of DES and nanofluid was first measured

from 25 to 80 °C. It was noted that the thermal conductivity of
nanofluid gradually increases with temperature. However, the
thermal conductivity of DES decreases with an increase in temper-
ature from 25 to 80 °C. From the experimental data, it was evident
that the addition of MWCNT in the base fluid enhances the thermal
conductivity as compared to the base fluid and commercial fluid
Therminol VP-3. The enhancement of thermal conductivity was cal-
culated from equation (6) [28].

TCE = (’Lf - (6)

Ry ) x 100%

The maximum enhancement of thermal conductivity was found
at 361%. This is due to the interaction between the nanoparticles
and the induced Brownian motion of the nanoparticle at high-
temperature as nanoparticles can gain higher energy which
increases their kinetic energy and leads in efficient transfer of heat.
Nanoparticle’s size and shape are another important factor which
influence the thermal conductivity. Dong and Chen [87] reported
the nanofluid thermal conductivity increases as the particle size
decreased. In case of carbon nanotube nanoparticle, thermal con-
ductivity increases with increase in the orders of large volume to
surface ratio. Similar analogy was followed by Jhang and Choi
[88] where it was observed that the thermal conductivity increases
with the increase in size of the carbon nanotube. An exponential
correlation of thermal conductivity as a function of temperature
was developed for nanofluid with a regression value

R* = 0.91993, as shown in Fig. 13(a).

K = 0.19607 -+ 4.3669 x 10 >¢(0092187T) (7)

Here, x and T are the thermal conductivity in W/mK and Tem-
perature in Kelvin respectively. Molecular diffusion takes place in
DES at increased temperature and it becomes faster when temper-
ature gradually increases. Because, DES molecules are closely
packed, heat transfer occurs through conduction mode. Due to
increase in temperature, it allows the liquid to expand. The free
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Fig. 10. (a) Variation of density with different temperatures for DES and nanofluids
(b) Comparison plot of density between experimental with Pak and Cho Model [83].

movement of the molecule ensures that the rate of collision of
molecules decreases. As a result, the thermal conductivity of DES
decreases with increasing temperature.

The experimental measured values are correlated with the the-
oretical model as provided by Maxwell [89] and given in equation
(8) (Fig. 13(b)). However this model does not give accurate thermal
conductivity as it does not consider degree of aggregation,
nanoparticle structure and Brownian motion [90]. A similar differ-
ence can be found in literature for other nanofluids [28,91].

knp + Zkbf + 2(,D(knp - kbf)
knp + Zkbf — ([)(knp — kbf)

knf = kbf (8)

Where ks, kis, knp and ¢ are thermal conductivity of nanofluid,
basefluid, nanoparticle and volume fraction of the nanofluid
respectively.

Fig. 14(a) shows the specific heat of DES and nanofluid at differ-
ent temperatures from 45 °C to 90 °C with a heating rate 20 °C/min.
It is clear from the data that specific heat increases with an
increase in temperatures. However, the addition of multi-walled
carbon nanotube enhances the heat capacity of the nanofluid. Fur-
thermore, the specific heat capacity of both nanofluid and base
fluid is higher than Therminol VP-3. Further, it was reported that
the specific heat of nanofluid decreases with increasing particle
volume concentrations [92]. This can be attributed to the fact that
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to increase the temperature, the internal energy increases, which
implies a rise in vibrational energy and rotational energy of the
molecules. This in turn, allows the molecule to adsorb high molar
heat capacity. Based on the experimental data with the function
of temperature, a mathematical correlation was developed as
shown in Fig. 14(a) and given below:.

Cp =0.01223T + 1.45749 9)

Here Cp and is T are the specific heat capacity and temperature
of the nanofluid..

There are two widely used theoretical models which correlate
the experimental data are based on the straight average of specific
heat capacities (equation (10)) and thermal equilibrium between
particle-liquid (equation (11))[28].

Modell : Cp,s = ¢ ,Cp,p, + (1 — @,)Cpyy (10)

quCpnppnp + (1 - (pu)cpbfpbf
(pvpnp + (1 - (pv)pbf

Model2 : Cp,; = (11)
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HereCp,,Cp,,, Cpy are the specific heat of the nanofluid,
nanoparticle, and base fluid, respectively.p,,,0,,, o) are the den-
sity of nanofluid, nanoparticle, and base fluid, respectively. ¢, is
the volume fraction. A comparison between theoretical models
and experimental measured values is shown in Fig. 14(b). Signifi-
cance difference was observed from the experimental values to
the theoretical models. Possible reasons that are reported in the lit-
erature and are not considered in these models are nanoparticle
size, shape, and degree of aggregation [93].

We have found comparable results of thermal conductivity
value with Ilyas et al.[28]. The values of thermal conductivity were
directly proportional to the temperature. In our work, 184.61% and
65.10% enhancement was observed at temperatures 30 °C and
40 °C, whereas a maximum enhancement 28.7% was observed by
Ilyas et al.[28]. Additionally, we compared our results to published
literature [93-96] and found that, in both circumstances, the speci-
fic heat value rises as the temperature rises.
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4.6. MD simulations

The thermal conductivity is usually computed through the
equation (12).

J=-iVT (12)

Where, VT is the gradient of the temperature T, ] is the resulting
heat flux vector. Microscopically thermal conductivity can be
defined in terms of time average is.

RG]

9t/9z—0 t—oo <3_§>

Here we are interested in isotropic fluids with collinear temper-
ature gradients and heat fluxes, and thermal conductivity is con-
sidered to be scalar. The natural simulation experiment, similar
to actual experimental observations, would be to impose a temper-
ature gradient on the simulated system, compute the heat flow
parallel to the gradient, and use equation (1) to derive the thermal
conductivity. However, since heat flux is a highly fluctuating quan-
tity, its average converges slowly, necessitating the use of substan-
tial temperature gradients to create a heat flow identifiable from
noise. As a result, we go in the other way. We apply a heat flux
to the system and record the temperature gradient that results.
This has the benefit of ensuring that the slowly convergent amount
of heat flow is known precisely and does not need calculation. On
the other hand, the temperature and its gradient are averages
derived over time and over a large number of particles, making
them more defined and fast convergent.

The simulation box is split into N slabs perpendicular to the z
direction in order to impose a heat flow and compute a tempera-
ture profile. The slabs in this piece are selected to be similar in
thickness and hence volume. The instantaneous local kinetic tem-
perature Ty in slab k is defined as.

1 3
= 3ncks %;m‘ v

A=

(13)

(14)

Where, the sum extends over the m; atoms i in slab k with
masses m;, kg is the Boltzmann constant. Here the Initial slab is
designated as the lowest temperature slab, while slab in the mid-
point is designated as the hotter slab. The heat flux is created by
exchanging the velocity vectors of an atom in the cool slab and
one in the hot slab in such a manner that the temperature in the
hot slab rises and the temperature in the cool slab lowers. Due to
the large variation of atomic kinetic energies in comparison to
the temperature difference between the two slabs, the hottest
atom in the cool slab had greater kinetic energy than the coldest
atom in the hot slab. This results in a transfer of energy from the
cool slab to the heated slab and a temperature gradient between
the cold and hot slabs. Thus by exchanging the velocities of two
particles of equal helps it in maintaining the total linear momen-
tum, total kinetic energy, and total energy in a conservative sys-
tem. Here the velocity exchange is fulfils all the conservation
principles.

After attaining steady state, the energy transfer forced by the
unphysical velocity exchange is precisely balanced by the heat flow
in the opposite direction caused by the system’s thermal conduc-
tivity. On the other hand, the imposed heat flux is known precisely,
since it is calculated by adding the “quanta” of energy carried by
velocity exchanges. The temperature gradient that persists in
steady state is exactly proportional to the thermal conductivity.
Thermal conductivity is calculated as.

_ eransfers % (T)ﬁ - 1}?)

A= 2tL,L, (0t /0z)

(15)
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The sum is taken over all transfer events during the simulation
time t. The subscript h and c refer to the hot and cold particle of
identical mass m whose velocities are interchanged. L, and L, rep-
resent the box length in x and y direction. Factor 2 in denominator
represent the periodicity of the arrangement.

Thermal conductivity values of nanofluid calculated at 30, 40,
50, 60, 70, and 80 °C. The values of thermal conductivities obtained
were 0.1937(30 °C), 0.1944(40 °C), 0.1935(50 °C), 0.1937(60 °C),
0.1905(70 °C), and 0.1922(80 °C). The experimental values
obtained at different temperatures are also shown in Fig. 15. The
values of thermal conductivity at 40 °C is found to be a good match
with the experiment. However, the simulations failed to reproduce
the experimental trend from 30 to 40 °C. A Major deviation was
observed when compared with experimental values from 60 °C.
The particle-fluid interface may have attributed this deviation,
whereas this interaction is not considered in the simulation. The
results from the mentioned manuscript showed that even though
the experimental values change with temperature, the simulated
values show minimal change.

5. Conclusion

This current work aims to characterize the MWCNT nanoparti-
cle and synthesized MWCNT based nanofluid by a two-step
method of preparation. The nanofluid was prepared by mixing
DES (MTPB salt and ethylene glycol in the molar ratio of 1:4) and
0.02 wt% of MWCNT. Thereafter the thermophysical properties,
including thermal conductivity, viscosity, density, and specific heat
of the nanofluid, were measured. MWCNT was characterized by
FETEM and FESEM to visualize the morphology of the nanoparti-
cles. Further from FT-IR and powder XRD experiment, conjugation
of DES attached with MWCNT and crystallinity of the MWCNT was
confirmed. Stability of the nanofluid was investigated through
visual observation, optical microscope as well as zeta potential.
The density and viscosity was found to decrease with an increase
in the nanofluid temperature when 0.02 wt% MWCNT is added.
The DES exhibits Newtonian behavior, as evidenced by the fact that
its shear viscosity decreases with increasing temperature. At
higher temperatures, there is a significant increase in thermal con-
ductivity and specific heat. The thermophysical properties of nano-
fluid qualities revealed that it outperforms the traditional



N. Kumar Das, P. Kumar Naik, D.N. Reddy et al.

commercial HTFs and that it has tremendous promise for use as an
advanced Heat Transfer Fluid in Concentrated Solar Power (CSP)
and Multi-Stage Flash (MSF) column plants.
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