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Abstract: Since technology progresses, the need to optimize the thermal system’s heat transfer
efficiency is continuously confronted by researchers. A primary constraint in the production of heat
transfer fluids needed for ultra-high performance was its intrinsic poor heat transfer properties.
MXene, a novel 2D nanoparticle possessing fascinating properties has emerged recently as a potential
heat dissipative solute in nanofluids. In this research, 2D MXenes (Ti3C,) are synthesized via chemical
etching and blended with a binary solution containing Diethylene Glycol (DEG) and ionic liquid
(IL) to formulate stable nanofluids at concentrations of 0.1, 0.2, 0.3 and 0.4 wt%. Furthermore, the
effect of different temperatures on the studied liquid’s thermophysical characteristics such as thermal
conductivity, density, viscosity, specific heat capacity, thermal stability and the rheological property
was experimentally conducted. A computational analysis was performed to evaluate the impact of
ionic liquid-based 2D MXene nanofluid (Ti3C, /DEG+IL) in hybrid photovoltaic/thermal (PV/T)
systems. A 3D numerical model is developed to evaluate the thermal efficiency, electrical efficiency,
heat transfer coefficient, pumping power and temperature distribution. The simulations proved
that the studied working fluid in the PV /T system results in an enhancement of thermal efficiency,
electrical efficiency and heat transfer coefficient by 78.5%, 18.7% and 6%, respectively.

Keywords: heat transfer fluid; ionic liquid; MXene; thermophysical; rheology; PV /T system

1. Introduction

In many industrial cooling and thermal transport applications, heat transfer fluid
(HTF) is significant to enhance the thermal effectiveness of a system. Furthermore, in
thermal systems, the traditional approach to increase heat dissipation rate is by increas-
ing the heat transfer area of cooling devices and the flow velocity or dispersing solid
nanoparticles in the heat transfer fluids known as nanofluids. Many researchers around
the world have focused nanofluids as they provide the possibility of increased heat transfer
for various purposes including cooling of thermal power plants, electronics, manufac-
turing and transportation. Most of the nanofluids” works as heat transfer fluid (HTF)
have concentrated on utilizing typical 2D nanoparticles such as graphene or conventional
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nanoparticles namely copper, silver, gold, aluminum oxide, copper oxide and silicon car-
bide [1-4]. For example, Wang et al. [5] showed a thermal conductivity enhancement of
14.2% using graphene nanoparticles in ethylene glycol base fluid. They also suggested
that an increase in the nanoparticle concentration increases the nanofluid’s viscosity and
thermal conductivity. Zhou et al. [6] investigated and compared the heat transfer capability
of copper/Deionized water nanofluids with pure Deionized water on a miniature heat
pipe with a mass concentration of 0.5 to 1.5 wt%. Authors found that copper nanofluid
resulted in a better heat transfer capacity of 250 mW, whereas Deionized water obtained
only 100 mW. Pourhoseini et al. [7] experimentally analyzed the heat transfer performance
of a silver/water nanofluid in a plate heat exchanger considering the effect of volume flow
rate and concentration. Authors reported that the tested nanofluid achieved a thermal
conductivity enhancement of 36.6% than water. In contrast, nanofluid concentration has
not impacted the system’s heat transfer coefficient than the volume flow rate. Loni et al. [8]
presented an experimental study to evaluate the thermal performance of Al,O3/thermal oil,
SiO, /thermal oil and pure thermal oil in a solar dish concentrator. Authors demonstrated
that Al;O3 nanofluid attained the highest thermal efficiency than SiO, nanofluid and pure
thermal oil. These studies have conferred that several works have been performed to
formulate heat transfer nanofluid with traditional nanoparticles due to their remarkable
properties such as high thermal conductivity and stability, non-flammability, wetting,
optimum viscosity, non-toxicity, minimum pressure drop, less corrosion and erosion. In
2011, Gogotsi from Drexel university discovered MXene for the first time and included it
to the 2D materials community. MXene an innovative new class of two dimensional (2D)
transition metal carbide nanoparticle possessing phenomenal surface area, morphology,
conductivity, cyclic stability, tunable surface groups fascinated present researchers to utilize
it in the field of heat transfer enhancement. Furthermore, in recent research, MXene has
played an essential role in environmental uses such as reducing gases, organic materials,
heavy metals and radionuclides [9,10]. As a result of their non-toxic nature, most biomedi-
cal applications focused on Ti-, Nb- and Ta-based MXenes. Jastrzebska et al. [11] researched
the impact of surface oxidation layers and nanoparticles on 2D TizC, MXene sheets’ surface.
Authors found that delaminated MXene can kill cancerous cells and proved that high
concentration (>375 mg-L_l) of MXenes is more toxic. Nasrallah et al. [12] examined
MXene’s biocompatibility by evaluating their possible toxicity using the zebrafish embryo
model. Authors concluded that low concentration of MXenes (<100 pug/mL) is safe and rec-
ommended for potential applications in water treatment and environmental remediation.
The main aspects of MXene in different applications are presented in Figure 1. 2D nanoma-
terials are rarely discussed, even though many potential high value-added applications
are summarized in Table 1. This article intends to raise the enhancement approaches of
MXene-based heat transfer fluid, especially on thermal and rheological efficiency.
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Electromagnetic
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Figure 1. Prominent application of MXene nanoparticles.
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Table 1. Recent research on MXene and its applications.

References

Material Additives Applications Findings

e  Superior light absorption
capacity at 808 nm in

Solar energy UV-Vis-NIR region

Lin etal. [13] Ti3C, PEG4000 conversion Thermal stability of PEG
improved by 40 °C with the
addition of MXene

e  Maximum thermal
conductivity of 2.052 W/m-K
was achieved

Luetal. [14] Ti3Cy PEG Thermal energy storage o  [nclusion of MXene
decreased the crystalline
regions of PEG

SA e  With the addition of
SO ascorbate ions the interlayer
Wu et al. [15] TizCy SC Micro-Super capacitor gap of MXene nanosheets
sp increased
e  (lear resistance transforms
between the low resistance
Dimethyl sulfoxide state and high resistance state
Zhang et al. [16] Ti3Cy Absolute ethanol Memristor was observed

° MXene enhanced the
retention characteristics of
the proposed device

Deionized water

e  Stable adsorption of sodium
ions on the monolayers of

TipC MXene
Ti,CCy,

Xiao et al. [17] . Sodium-ion Na-ion Batteries ¢ Maximum interlayer distance
Ti,CO, and energy storage capacity
Ti,CS, of 20 A and 536.84 mA-h-g~!
was obtained
e  MXene enhanced the transfer
Rong et al. [18] TizCy Ccds Photocatalysis of electrons and electron-hole

separation

Rajavel et al. [19]

° Maximum thermal and
electrical conductivity of
TizCy PVDF Heat dissipation 0.767 W/m-K and 0.98 S/m
was obtained

Other than water, glycol and oils nanoparticles can be added to ionic liquids for ob-
taining a unique form of fluids called ionic liquid-based nanofluids or ionanofluids which
have a greater potential for next-generation heat transfer fluids especially for applications
with high temperature [20]. Water and glycol-based nanofluids are not appropriate for
medium to high-temperature use while thermal oils undergo flammability above 250 °C.
Consequently, new nanofluids based on fluids other than those used in traditional fluids are
required for medium to high-temperature applications. Ionic liquids have attracted many
researchers due to its high thermal stability, high dissolution capacity, high conductivity,
non-volatility, non-toxicity and low melting point. Murshed et al. [21] investigated the
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effect of ionanofluids ([C4 mim][NTf2]+MWCNT) in a heat exchanger. They proved that
ionanofluids exhibit superior thermal properties and require only a small heat transfer
area than their base ionic liquids. Oster et al. [22] investigated the thermal conductivity
of different ionanofluids and ionic liquids. Anion was an important element affecting
thermal conductivity, with bulkier anions contributing to higher enhancement values.
Recently, Oster et al. [23] used [P14,6,6,6][RO] cations with acetate, butanoate, hexanoate or
octanoate anion blended in carbon nanotubes, boron, nitride or graphite and characterized
its thermophysical properties. The presence of nanoparticles in ionic fluids contributed
to positive heat capacity, thermal conductivity and density. However, such an addition
induced a substantial increase in viscosity that affects the other properties like pumping
power, surface tension etc. Another criterion, nanoparticle morphology, presented by
Jozwiak et al. [24] analyzed the enhancement of thermal conductivity in carbon-based
ionanofluids. With increased aspect ratio and surface area of the dispersed carbon nan-
otubes, the thermal characteristics of the ionanofluids showed a substantial increase. In a
different study, Vallejo et al. [25] analyzed the tribological performance of imidazolium-
based ionanofluids ([Emim][MS]/Silicon nitride) with 0.1 to 1 wt% mass concentration. At
0.25 wt% mass concentration, ionanofluids obtained the maximum reduction in the friction
coefficient with less wear volume. Jozwiak et al. [26] took a comprehensive overview of the
rheological significance during ionanofluid flow. Valkenburg et al. [27] demonstrated that
[Emim][BF4], [Bmim][BF4] and [Dmpi][FSI] ionic liquids were thermally stable at 450 °C.
Paul et al. [28] improved the thermal performance of Al,O3 nanofluids using 1-butyl-3-
methylimidazolium bis trifluoromethyl sulfonyl imide ([C4gmim][NTf;]) ionic liquid in
a circular tube. For a certain range of Reynolds number, ionic liquid-based nanofluid’s
heat transfer coefficient achieved a significant improvement. Xie et al. [29] used 1-ethyl-
3-methylimidazolium diethyl phosphate ([Emim][DEP]) ionic liquid on MWCNT /Water
nanofluid to evaluate its thermal conductivity, viscosity and density. Their results illus-
trated a maximum thermal conductivity enhancement of 9.7% than the base fluid (water)
whereas density and viscosity showed a linear temperature dependence like conventional
nanofluids. Minea et al. [30] numerically evaluated the thermophysical properties of
Al,O3/([C4mim][NTf,]) ionanofluids with 0.5, 1 and 2.5 vol% mass concentrations under
natural convection mode considering Rayleigh number (104 < Ra < 106) and volume
concentration (0% < ¢ < 2.5%) aspects. They found that the ionic liquid-based nanofluids’
thermal efficiency was mainly affected by the buoyancy and viscous force. In addition
to the thermal property, viscosity is also an essential property of fluids, especially for
its practical application in fluid flow and heat transfer. Furthermore, the perception of
convective heat transfers and pumping power is directly linked to viscosity in flow systems.
Soman et al. [31] discussed the effect of viscosity on the heat transfer performance of ionic
liquid ([Bmim][Br])/water and nanoparticle (y-Al,O3)/water fluids. These researchers
observed that ionic liquid increased the absorption of energy from hot fluid and decreased
viscosity at higher temperature influenced the turbulent characteristics of fluid flow that led
to the heat transfer rate enhancement. In an interesting study, Cao et al. [32] demonstrated
that ionanofluid (Imidazolium ionic liquids/Fe,Os) stability increased with increased
viscosity, but it made a huge impact on decreasing the absorption properties. The recent
growth of nanofluids’ publications demonstrated that thermal conductivity and specific
heat capacity had been paid much attention than viscosity. In addition, research findings
indicated that nanofluid viscosity was very high compared with their base fluids and with
increasing concentration of nanoparticle it further increases, which indirectly affects the
pumping power and pressure drop of the fluid flow. In order to exploit their potential
in the broader field of applications apart from nanoparticle concentration, it is important
to study the impacts on the viscosity of nanofluids from other factors like temperature,
Newtonian and non-Newtonian behavior, base fluids, dispersion, particle type, size and
shape in which this study intends to do.

Majority of articles published concentrated on different properties of conventional
nanoparticle-based nanofluids, and only a few researchers investigated all the thermal
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and rheological properties. On the other hand, development of novel nanofluid consisting
of 2D MXene induced by 1-ethyl-3-methylimidazolium ([CgSO4]) ionic liquid with high
thermal conductivity and dispersion stability has not been reported which motivates
the present experimental investigation. This research’s main objective was to analyze
the thermophysical and rheological properties of ionic liquid-based MXene nanofluid
with a mass concentration of 0 wt% to 0.4 wt% at different temperature range and its
performance with PV /T systems. The heat transfer efficiency of the solution containing
MXene+[CgSO4]+DEG in turbulent conditions is calculated using theoretical correlations.
Based on the experimental values, a numerical model is conferred to analyze the potential
of using ionic liquids in nanofluids for PV /T systems. The proposed model assesses and
compares the thermal, electrical and heat transfer coefficient of a PV /T system using ionic
liquid-based 2D MXene nanofluid at various concentrations and mass flow rates.

2. Materials and Methods
2.1. Materials

1-ethyl-3-methylimidazolium octyl sulfate ([CgSO4]) (CAS-NO: 790663-79-5) ionic
liquid (purity > 98%, halides < 0.1%, water < 1%, molar mass of 320.45 g/mol) and
diethylene glycol with a molar mass of 106.12 g/mol (CAS-NO: 111-46-6) was purchased
from Merck group, Darmstadt, Germany. MXene (Ti3Cy) nanoparticle was synthesized in
the lab (RCNMET, Sunway University, Kuala Lumpur, Malaysia) through the procedure
followed in one of our previous literatures [33].

2.2. Methods

In the ionic liquid and diethylene glycol solution, the synthesized dry MXene nanopar-
ticles have been blended with a magnetic stirrer for 30 min (40 °C, 1000 rpm) and sonicated
with an ultrasonic processor (750 W, 20 kHz, Sonics VCX-750, Newtown, CT, USA) of 60%
power and 30% amplitude for 90 min to obtain a homogeneous dispersion [34-36]. PULSE
mode is chosen with 20 s ON cycle and 10 s OFF cycle. A two-step method is more economi-
cal and easy; it was followed for preparing all the samples [37,38]. Due to the agglomerates’
vibrations, which was caused by the ultrasonic waves, the temperature of the sample
increased rapidly. In order to overcome this issue, a water bath has been incorporated with
the ultrasonic processor to maintain the temperature of the sample at a constant rate. The
prepared samples’ different proportions were as follows: [C85SO4]+DEG+MXene with a
mass concentration of MXene of 0 wt%, 0.1 wt%, 0.2 wt%, 0.3 wt% and 0.4 wt% and the ratio
of ionic liquid and diethylene glycol mixture was 1:9. The quantity of nanoparticles added
to ionic liquids and diethylene glycol is shown in Table 2. Figure 2 shows the formulated
nanofluids’ photo with 0, 0.1, 0.2, 0.3 and 0.4 wt% MXene without surfactant addition and
its dispersion stability was investigated by visual inspection method.

Table 2. Proportion of nanoparticles, ionic liquids and diethylene glycol.

Mass £ 0.001 g
Weight Total Mass

Sample Diethvl X
(%) (gram) iethylene ene
§ (S04l Glycol Nanoparticle
[CsSO4]+DEG 0 50 5 P o

[CsSO4]+DEG+MXene 0.1 50 4.995 44.955 0.05
[CsSO4]+DEG+MXene 0.2 50 4.990 44.91 0.1
[CsSO4]+DEG+MXene 0.3 50 4.985 44.865 0.15
[CsSO4]+DEG+MXene 0.4 50 4.980 44.82 0.2
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Figure 2. Raw image of the prepared ionic liquid-based MXene nanofluid.

2.3. Characterization

At a temperature of 20 to 80 °C, the prepared samples’ thermal conductivity was
evaluated using a thermal property analyzer (Tempos, METER Environment, Pullman, WA,
USA). This device accomplished with ASTM 5334 standard could work under a temperature
range of —50 to 150 °C with a 6 cm length KS-3 sensor having a maximum thermal
conductivity testing capacity of 0 to 2 W/m-K. The samples’ temperature was controlled
by a water bath (WNB22, MEMMERT, Biichenbach, Germany), and the volume of each
sample used for testing was around 30 mL. For accuracy, the measurement was performed
three times at each temperature, and the mean values were reported in this paper.

The sample’s density was measured by a density meter (DMA 1001, Anton Paar, Graz,
Austria) at a temperature ranging from 20 to 60 °C that works on the principle of pulsed
excitation method. For certainty, the density meter was calibrated with distilled water.
The specifications of DMA 1001 are as follows: density measuring range of 0 g/cm? to
3 g/cm3; pressure range of 0 psi to 145 psi; temperature range of 15 °C to 60 °C; minimum
sample volume of ~1 mL. For accuracy, the measurement was performed two times at each
temperature, and their mean values were reported in this paper.

Differential scanning calorimeter (PerkinElmer, DSC 4000, Waltham, MA, USA) with
temperatures ranging from 20 °C and 80 °C was used to measure the sample’s specific
heat capacity. In this experiment, samples are heated, and their specific heat capacity is
measured with respect to heat flow. DSC is mainly used to evaluate how a substance’s heat
capacity is changed by temperature.

The samples’ rheology and viscosity were measured using a Rheometer (MCR 92,
Anton Paar), which has an air-bearing motor that provides measurement in both oscillation
and rotation mode has a maximum torque of 125 m-Nm. The specifications are as follows:
maximum temperature range of —40 to 400 °C; maximum speed of 1500 rpm; the maximum
angular velocity of 157 rad/s; maximum angular frequency of 628 rad/s.

MXene nanoparticles’ morphology was analyzed using Field Emission Scanning Elec-
tron Microscope (Zeiss Supra 55 VP, Oberkochen, Germany). Thermogravimetric Analysis
(PerkinElmer TGA 4000) was used for determining the thermal stability of the as-prepared
ionic liquid-based nanofluids. FTIR (Fourier Transform Infrared) spectroscopy is one of
the most useful methods to find the molecular groups on the as-prepared samples. Perkin
Elmer Spectrum Two FTIR Spectrometer was used in this study where infrared radiation is
absorbed by the prepared samples which caused specific vibrations in functional groups,
creating an infrared spectrum fingerprint of the sample.

Raman Spectroscopy can give detailed information about a sample’s structure during
the interaction of light with matter. It is one of the simplest, quickest and most useful
techniques to determine the chemical, structural and electronic information on different
materials. UV Raman Spectrometer (Horiba Jobin Yvon HR800, Kyoto, Japan) equipped
with confocal LabRAM microprobe and triple spectrometer design for unprecedented
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stable light was used in this study. The triple additive configuration of the HR800 system
will be advantageous to find the Raman bands’ location with very high resolution.

2.4. Uncertainty Analysis

In order to ensure the reliability of experimental measurements and to determine
the sensitivity of uncertainty levels for various quantities depending on their relevance
to measurements, uncertainty analysis is performed. The uncertainty of a quantity (u) is
calculated by the following Equation (1).

S

"= e )
where S is the calculated standard deviation and 7 is the number of measurements in the
set. The uncertainty of the measured quantities such as thermal conductivity, viscosity,
density, specific heat capacity, thermal stability and light transmittance (FTIR spectroscopy)
is depicted in Table 3. The uncertainty calculation for each measured quantity is provided
in the Supplementary Material. For all cases considered in this research based on the above
equation, the measurement of uncertainty is less than 1%. This is a reliability indication of
the test data assessed.

Table 3. Uncertainty of different quantities for the present study.

Maximum Uncertainty

Device Quantity Accuracy (In Experiments)
Thermal property Thermal conductivity +10% 0.04 W/m K
analyzer (Tempos)

Density meter Density +0.001 g/cm? 0.003 g/cm®
Rh Viscosity +1% 1.15mPa-s
eometer Rheology +1% 0.06 Pa
Differential Scanning e . o
Calorimetry Specific heat capacity +2% 0.08]/g-K
Thermogravimetric Thermal stability +£0.02% 0.09%
Analyzer
FTIR Spectrometer Light transmittance +1% 0.22%

3. Results and Discussion

This section explores the thermophysical and rheological properties of the formulated
samples at different parameters. In addition, these properties are dependent on the dis-
persion stability of nanoparticles in base fluids. Therefore, the stability of the prepared
ionanofluid is evaluated using a visual inspection method and Spectral absorbance method,
which is briefly explained in our previous literature [38]. The results showed that the
synthesized ionanofluids are highly stable for about 7 days.

3.1. Structural and Morphological Analysis of M Xene Nanoparticles

One of the most popular and widely used techniques for analyzing the topography,
morphology, composition and crystallographic information of nanoparticle is FESEM. The
Field-Emission Scanning Electron Microscope (FESEM) uses a field-emission cathode to
provide high and low energy straight rays, thereby improving the spatial precision and
lowering the sample charging and loss. High quality, less distorted and low voltage images
could be obtained with negligible electric charging varying from 0.5 to 30 kV. The FESEM
image of the synthesized MXene nanoparticle is shown in Figure 3a,b. The FESEM image
confirms the presence of multilayers in the as-prepared MXene nanoparticles.
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Figure 3. (a,b) FESEM image of the synthesized MXene nanoparticle at 8000x and 20,000 x magnification, (c) Raman
spectrum collected on the surface of the MXene nanoparticle.

Photons are elastically diffused when light is scattered from a molecule. Raman effect
is defined as the process that leads to this inelastic light scattering which will be almost one
in 107 photons. The difference in the frequency of the incident beam light and scattered
radiation is known as Raman shift, which provides information on matter’s vibrational
properties. The Raman Spectrum of Figure 3c shows the formation of Ti3Cp, which is
consistent with the previous study [39]. In addition to the characteristic broad peak at
1600 cm !, two sharp peaks having a maximum at 400 cm ! and 600 cm ™! were observed,
commonly attributed to Eg vibrations that illustrate Ti-O’s presence Ti-OH groups. The
appearance of small peaks from 1200 cm ™! to 2100 cm ™! highlighted the fact that carbon
groups are ubiquitous surface groups of MXene.

3.2. Thermal Conductivity

Thermal conductivity is a measure of a medium’s capability to conduct heat that is
mostly dependent on the type of material and temperature. In addition, it is one of the
essential properties in many industrial and consumer applications. This section investi-
gates the impact of temperature in the as-prepared samples ([CgSO4]+DEG+MXene) on its
thermal conductivity using Tempos thermal property analyzer at a temperature ranging
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from 25 to 80 °C with a mass concentration of 0 to 0.4 wt%. Figure 4 shows the experi-
mentally measured thermal conductivity values of the as-prepared samples. As expected,
formulated ionic liquid-based nanofluids” thermal conductivity increased with a rise in
temperature and concentration, which is consistent with previous studies [40]. The possible
mechanisms responsible for enhancing thermal conductivity include Brownian motion,
aggregation of nanoparticles and molecular level liquid layering of the nanoparticles-liquid
interface. MXene nanoparticles in the prepared ionanofluids were attributed to random
thermal motion through particle-particle collision caused by Brownian movement during
heating which increased the thermal conductivity of the as-prepared ionanofluid. On
the other hand, the high order arrangement made by the surrounding liquid layers of
nanoparticles will increase the free mean path in the ionanofluid through which phonons
can move rapidly, leading to thermal conductivity rise. Nanoparticles are often agglomer-
ated when dissolved in liquids, which is considered one of nanofluids” contentious heat
transfer mechanisms. The aggregation of nanoparticles into percolating forms normally
induces thermal resistance, greatly influencing the overall thermal conductivity. Therefore,
the utmost care must be given to prevent agglomeration or sedimentation of nanoparticles
in base fluids.

Thermal conductivity (W/m.K)

—m— [EMIM][OSO4]+DG+MXene (0.2 wi%)
{ —e— [EMIMIIOSO41+DG+MXene (0.3 wtes)
— A& [EMIM][OSO4]+DG+MXene (0.4 wt%)
0.8 4 & [EMIMI[OSO4]+DG+MXene (0.1 wt%)
& [EMIM][CSO4]+DG
e
AT e
. //A—J /_7./'/{
Y - -
- e T =
-~ . =
-.;/-/ e v
i B
e
| g v {_,/‘J
v'/ i ’/
-
.
; : . - ; : . ; . ; ; .
20 30 40 50 60 70 a0

Temperature (°C)

Figure 4. Temperature dependent thermal conductivity of the prepared ionanofluids.

From the results, it was found that low concentration of ionic liquids with MX-
ene/DEG nanofluid contributed to the enhancement of thermal conductivity which can be
attributed to the interionic interactions of [CgSOy4] ionic liquid at a molecular level linked
with 2D MXene nanoparticle structure resulted in good stability and thermal conductivity.
The other factor for superior thermal conductivity is the excellent thermal property of
2D MXene nanoparticle. Ultimately, the uniform distribution of high viscous [CgSOy4]
ionic liquid over the MXene nanoparticle prevented the agglomeration rate and enhanced
the active surface area for conducting a high quantity of heat. Furthermore, the thermal
dissipation usually occurs on the particle surface, so nanoparticles with a large surface area
were more advantageous. At an average temperature of 60 °C, the enhancement of thermal
conductivity rises with increasing MXene nanoparticle mass concentration, from 24.83%
for 0.1 wt% to 57.45% for 0.4 wt%.

3.3. Density

Another vital property that defines the efficiency of ionanofluids in heat transfer
application is density. In fact, the pumping power, pressure drop, separation of liquid—
liquid phase and mass transfer play a significant part in fluid flow applications dependent
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Density (g/cm

on the effective density. In addition, Reynolds number is mainly based on the fluid density
and therefore, for calculating the heat transfer coefficient, an accurate estimation of density
is essential. Figure 5 shows the temperature dependence of the tested ionic liquid-based
nanofluids. From the results, the density of the as-prepared samples decreased with an
increase in temperature, which was in good agreement with other studies [41,42]. On
the other hand, the density of the prepared ionic liquid-based nanofluids increased with
nanoparticles” addition as MXene has high inherent density. Limited literature of MXene
based fluids does not permit us to give an in-depth explanation of this property.

1.100 -

1.095

—i— [EMIM][OSO4]+DG+MXene (0.1wt%)
—o— [EMIM][OSO4]+DG+MXene (0.2wt%)
—A— [EMIM][OSO4]+DG+MXene (0.3wt%)
—v [EMIM][OSO4]+DG+MXene (0.4wt%)
—¢— [EMIM][OSO4]+DG

1.090

T ' T ' T ! | ] T ' T
25 30 35 40 45 50

Temperature (°C)

Figure 5. Variation of density with respect to temperature for the prepared ionanofluids.

3.4. Viscosity

Viscosity is a fundamental property of liquids where the internal resistance of a flow
can be measured with respect to the temperature, pressure and nanoparticle concentration.
A broad range of engineering problems exhibiting momentum transfer and fluid flow can
be solved by having adequate viscosity knowledge. With increasing temperatures, the
bonds responsible for cohesion are broken attributing to the decrease of liquid’s viscosity.
Generally, nanofluid’s viscosity is considerably higher than the base fluids and increases
further with the addition of nanoparticles and ionic liquids. Figure 6 shows the viscosity
as a function of temperature for the as-prepared samples. According to the obtained
results, with the increase in temperature from 25 to 75 °C, the formulated ionic liquid-
based nanofluids’ viscosity decreased from 38 mPa:s to 6 mPa-s at MXene nanoparticle
concentration ranging from 0 to 0.4 wt% and with a constant shear stress of 1.5 Pa. Moreover,
the samples’ viscosity with a nanoparticle concentration of less than 0.2 wt% has not
revealed any significant changes over the concentration increase of MXene nanoparticles.
From the flow behavior of ionanofluids, the pattern of viscosity with changes in the applied
shear stress is very significant. The variation of ionanofluid viscosity with the increased
shear rate at 25 °C, 50 °C and 75 °C is presented in Appendix A. Due to the increased
shear stress, exponential decrease in viscosity occurred, which confirmed shear thinning
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behavior in all studied temperatures. Therefore, it can be concluded that the formulated
ionanofluids prove to be a non-Newtonian pseudoplastic nature. It can also be noted that
the viscosity is higher at a low shear rate that may be due to the irregular arrangement
of nanoparticle offering high flow resistance at the beginning. After a certain time, these
nanoparticles get arranged with increased shear rate leading to reduced viscosity. This is
because molecules break down at higher shear rates and get perfectly aligned.

—=— [EMIM][OSO4]+DG

40 5 —e— [EMM][0S04]+DG+MXene (0.1 wt%)
. —A— [EMM][OS04]+DG+MXene (0.2 wt%)
35 (' " —v— [EMM][OS04]+DG+MXene (0.3 wt%)

- 4 [EMM][OSO4]+DG+MXene (0.4 wt%)

Viscosity (mPa-s)
]
|

20 30 40 50 60 70 80
Temperature (°C)

Figure 6. Viscosity of the prepared ionanofluids at different temperatures.

Furthermore, the pumping power, which is considered an important factor in dissipat-
ing the provided heat load for different types of refrigerants, depends on the viscosity of
the fluid [43]. Effective heat transfer fluids or coolants should handle the same heat load
using less fluid and less pumping power. Moreover, heat transfer coefficients in turbulent
flow can be increased by increasing the pumping power and flow rate. In the same way,
more pumping power and velocity is required for maintaining Reynold’s number of a
highly viscous fluid. The effect of the mass fraction on the viscosity of the ionanofluid is
presented in Figure 7. In general, the addition of nanoparticles to ionic liquids increases
the viscosity of the ionanofluid, consistent with the present study. The obtained results
demonstrate that increase in the nanoparticle concentration leads to viscosity increase.
Furthermore, the viscosity enhancement of the nanofluids is calculated by Equation (2).

1007 N F
= — 2
Menh = 100 2)

where #,;, indicates the viscosity enhancement, 7y represents the viscosity of the tested
ionanofluids and #y;, depicts the base ionic liquid. The viscosity of the base ionic liquid
is acquired from Costa et al. [44]. Furthermore, the enhancement of viscosity was found
to increase with temperature in the ranges of 5.58-6.98% at 25 °C, 11.41-14.15% at 35 °C,
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Viscosity (mPa-s)

Viscosity (mPa-s)

20.14-30.8% at 45 °C, 89.2-135.7% at 55 °C, 94.31-158.12% at 65 °C, and 101-171.85% at
75 °C. This proves that viscosity enhancement is linearly dependent on the temperature.
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Figure 7. Viscosity of the ionanofluids over mass fraction at different temperatures.

3.5. Rheological Analysis

Rheological characterization is also of great importance, for the practical applications
of fluid flow and heat transfer, especially for determining the pumping power and con-
vective heat transfer of ionic liquid-based nanofluids. It can also be considered as a drag
force and represents the frictional characteristics of the fluid. Moreover, viscosity plays a
significant role in determining the power requirement of pumps, pipeline configurations,
transportation and storage. ANTON PAAR rotational Rheometer (MCR 92) was used to
determine the viscosity of MXene-based ionanofluid at various temperatures (25-75 °C)
and shear levels (30-100 S~1) and with certain nanoparticle concentration (0, 0.1, 0.2, 0.3,
0.4 wt%). Generally, the viscosity of a fluid is unchanged regardless of the shear stress ap-
plied. For fluid flow thermal systems, this viscosity reduction is ideal for optimal efficiency.
We infer that the flow results in the rise and fall of liquid surface levels without any yield
stress for dilute solutions and suspensions even for little stress. For more concentrated
solutions, particularly for 0.3 wt% and 0.4 wt%, there is understandable doubt whether
yield stress exists or not.

Rheology is one of the main characteristics which defines the flow and deformation of
fluids under different mechanical forces. When subjected to flow, deformation or stress,
each substance exhibits its behavior. In many applications such as inkjet printing, protein
formulations/injections, food /drink manufactures, a strong understanding of rheological
characteristics such as shear tension, shear pressure, shear rate, distance, materials, base
fluid, temperature, time, surfactants, shape and concentration of nanoparticles is essential.
Moreover, rheology provides an understanding of flow characteristics critical for determin-
ing the required pressure drop and pumping power. Newtonian fluids are fluids where
the shear stress is directly proportional to the shear rate, and the molecules do not possess
significant anisotropy.

Figure 8 demonstrates the shear rate and shear stress for 0 wt%, 0.1 wt%, 0.2 wt%,
0.3 wt% and 0.4 wt% at various temperatures of 25 °C, 50 °C and 75 °C for the as-prepared
ionanofluids. The solid line illustrates the relationship between the shear rate and shear
stress in the graphs. The effect of shear stress on shear rate has been observed to be steeper
by decreasing the temperature that corresponds to the standard Newtonian model. From
the results, it was clear that shear stress improved with an increase in shear rate and
decrease in temperature except for 0.3 wt% (Figure 8d) where shear stress at 75 °C and
50 °C were high while 25 °C showed less shear stress which was contrary to other samples,
the reason may be due to the improper dispersion of nanoparticles. It was also observed
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that the maximum shear stress was obtained for low concentration, and it continued to
decrease with increase in MXene addition. For example, ionanofluid with 0, 0.1, 0.2, 0.3 and
0.4 wt% MXene produced maximum shear stress of 3.4, 3, 2.9, 3.3 and 2.5 Pa, respectively.
The findings revealed that all the studied samples showed approximately a linear pattern of
shear stress with different shear rates at 25 °C, 50 °C and 75 °C. This shows clearly that the
formulated ionanofluids possess Newtonian characteristics at different mass concentration
of MXene nanoparticles. The gradient rise of the line in each diagram is due to the influence
of temperatures on the nanofluid’s viscosity. On the four as-prepared samples, it is found
that the slope of the line at 25 °C is considerably greater than the slope of the line at 75 °C.
Overall, these results demonstrate that nanoparticle concentration and temperature are the
major factors in nanofluid’s rheology.
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Figure 8. Shear stress as a function of shear rate for (a) [CgSO4]+DEG, (b) [CgSO4]+DEG+ 0.1 wt% MXene, (c) [CgSO4]+DEG+
0.2 wt% MXene, (d) [CgSO4]+DEG+ 0.3 wt% MXene, (e) [CgSO4]+DEG+ 0.4 wt% MXene.
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3.6. Thermal Stability

The thermal degradation due to high heat conditions in thermal systems is one of the
main reasons for the failure of heat transfer and lubrication fluids. In order to overcome
this, thermal analysis was done to determine the thermal decomposition of the as-prepared
samples. As such, the as-prepared samples were subjected to Thermogravimetric analysis
(TGA) from 30 °C to 650 °C with a heating rate of 10 °C/min under 20 mL/min flow rate
of nitrogen gas. The five as-prepared samples’ thermal decomposition is presented in
Figure 9 with different content of MXene nanoparticles, namely 0 wt%, 0.1 wt%, 0.2 wt%,
0.3 wt% and 0.4 wt%. All of the four concentrations of MXene improved the initial
decomposition temperature with constant weight loss. The MXene ionanofluids obtained
a higher degradation temperature with 0.4 wt% MXene. The measured degradation
temperature (i.e.,) the temperature at which the weight loss begins (Tonset) was 172.74 °C,
166.27 °C, 182.26 °C, 167.89°C and 172.89 °C with a weight loss of 88.466%, 83.631%,
83.641%, 87.307%, 89.166% when the content of the as-prepared samples contained O,
0.1, 0.2, 0.3 and 0.4 wt% MXene nanoparticles, respectively. The first derivative peak
temperatures, i.e., the point of the greatest change rate on the weight loss curve for the
as-prepared ionanofluids, were 200, 187.24, 207.40, 202.15 and 208.72 °C which are also
known as inflexion points. The results showed that the addition of MXene nanoparticles
improved the thermal stability of the as-prepared ionanofluids with an average weight
loss of 17%/min and the thermal stability of the sample showed complete degradation
after 200 °C.

—— [EMIM][OSO4]+DG

] —— [EMIM][OSO4]+DG+MXene (0.1 wt%)
16 - —— [EMIM][OSO4]+DG+MXene (0.2 wt%)
] —— [EMIM][OSO4]+DG+MXene (0.3 wt%)
—— [EMIM][OSO4]+DG+MXene (0.4 wt%)
14 1 —— [EMIM][0SO4]
1 —— D
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Figure 9. Comparison of thermal stability of the prepared ionanofluids with pure [CgSO4] and
diethylene glycol.

The [CgSOy4] ionic liquid showed maximum thermal stability of 316 °C while pure
diethylene glycol started to degrade from 162 °C. As a result, the onset temperature (Tonset)
for the tested ionic liquids and diethylene glycol was measured to be 316 °C and 162.01 °C
while the first derivative point (Tp) was 352.45 °C and 187.09 °C, respectively. As discussed
above, the as-prepared samples’ thermal stability improved when compared with the
thermal decomposition temperature of diethylene glycol. From the graph, it was clear
that the thermal decomposition of all the studied fluids occurred between 160 °C and
200 °C except ionic liquid. The ionic liquid was thermally stable at high temperature due to
strong covalent bonds between the molecules that cannot be broken easily, leading to high
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decomposition temperature thresholds. This study recommends increasing the proportion
of ionic liquids with base fluids to enhance the thermal stability of ionanofluids further.

Thermogravimetric Analysis determined the upper use time of the as-prepared sam-
ples. Beyond this specific time, the samples will begin to degrade. Figure 10 depicts the loss
of mass as a function of time for the prepared samples measured by Thermogravimetric
analysis. After 20 min and around 200 °C, significant decomposition is evident with an
average decomposition rate of ~17% per minute. The results demonstrated that the reaction
rate increased rapidly and then followed a sharp decrease, illustrating an early region of
maximum reactivity, the middle part of large reaction rate and a small reactivity in the
later stage. Furthermore, there were not any significant reaction rates with gasification
temperature rise after 20 min. Finally, ionanofluids with 0.4 wt% nanoparticles showed the
elevated stability of the five as-prepared samples.
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] —— [EMIM][OSO4]+DG+MXene (0.1 wt%)
161 —— [EMIM][OSO4]+DG+MXene (0.2 wt%)
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Figure 10. Loss of mass with respect to time at 200 °C.

3.7. Specific Heat Capacity

It is a basic property that determines the quantity of heat necessary for raising a
substance’s temperature. Figure 11 depicts the specific heat capacity of the proposed fluid
at certain temperatures. From the experimental values, a significant increase in the specific
heat capacity of the ionanofluids was observed with increase in temperature which is
consistent with many of the literature on various types of nanofluids [45,46]. This implies
that temperature has a significant effect on the specific heat capacity enhancement of
ionanofluids, mainly due to the high surface energy of MXene nanoparticles that can be
applied to high-temperature applications where more absorption of heat is desired. More
specific heat capacity values are widely favored for the heat transfer fluids to retain more
heat from the energy sources. The specific heat capacity of the formulated ionanofluids
varied from 1.6 J/g-K to 3.4 ]/ g-K. The sample without MXene nanoparticles resulted in
maximum specific heat capacity illustrating the decrease of specific heat capacity with
MXene nanoparticles” addition.
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Figure 11. Specific heat capacity of the ionanofluids with temperature increase.

3.8. Heat Transfer Rate Efficiency of the lonanofluids

The heat transfer efficiency of the as-prepared ionanofluids in turbulent flow condi-
tions can be calculated by the Mouromtseff number [47]. For a flow with specified geometry
and velocity, the coolant with the highest Mouromtseff number will lead to a maximum
heat transfer rate. Mouromtseff reported the figure of merit (MO) to evaluate the heat
transfer capacity of fluids presented in Equation (3).

apbeg,d
FOMyo = PCP 3)
K

where p, k, Cp and yu represent the density, thermal conductivity, specific heat capacity
and fluid viscosity. Based on the mode of heat transfer and heat transfer correlation, the
appropriate values of 4, b, d and e are calculated by Simons [48] in which this study also
pursued. Since the Nusselt number is constant for a fully developed turbulent flow [49],
the fluid’s thermal conductivity will play a significant role in determining the heat transfer
coefficient of a coolant. Based on the above-discussed constraints, the Mouromtseff number
is finally given by Equation (4) which is dependent on the thermophysical properties of the
fluids.

0.840.67 (- 1,0.33

Figure 12 illustrates the Figure of Merit (FOMy0) as a function of temperature under
internal turbulent conditions for the as-prepared ionanofluids. From the graph, it was clear
that the Mouromtseff number of the prepared samples was higher than 1, demonstrating
that ionanofluids are suitable for utilizing it as heat transfer fluids. Overall, ionanofluids
with 0.2 wt% of MXene nanoparticles resulted in a maximum heat transfer rate.
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Figure 12. Figure of merit of the prepared ionanofluids for turbulent condition.

3.9. Application of the lonic Liquid-Based MXene Nanofluid in the PVT System

Researchers employed various active and passive techniques in a hybrid PV thermal
system to monitor the PV cell module’s temperature rise. For the past decade, nanofluid
has been used a coolant on the PV panels’ rear side to reduce temperatures for better
performance, particularly in hot, dry conditions. A numerical analysis is conducted in this
study to evaluate the efficiency of the as-prepared ionic liquid-based 2D MXene nanofluid
in a photovoltaic/thermal (PV/T) system. In this analysis, Al,O3/Water and ionic liquid-
based MXene nanofluid are used as a coolant in a hybrid PVT system, and their efficiency
is numerically compared with water coolant. The problem under investigation is presented
in Figure 13.

S: Solar power meter

Flow meter
Ts: Panel surface temperature
—

T.: Ambient temperature sensor
PV Panel

|
Ty Tank

Voltmeter ({
() Ammeter MJ
\F m
Charge Controller

Heat Exchanger

Battery Load

Figure 13. Schematic layout of the experimental setup where Ty, T, and T3 are thermocouples for inlet and outlet temperature
measurement of the PV /T system. Thermal circuit is presented in red color and the electric circuit is depicted in blue color.
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3.9.1. Numerical Model and Simulation

For numerical analysis, COMSOL a multiphysics software that works on the Finite
Element Method is used. The flow of nanofluid is assumed to be laminar, incompressible,
steady and 3D. The dispersion stability of the proposed fluids is considered to be highly
stable (no agglomeration). In this study, ionic liquid-based 2D MXene nanofluid containing
0.1, 0.2, 0.3 and 0.4 wt.% nanoparticle concentration is used. With a user-defined feature in
COMSOL software, thermal conductivity as a function of concentration and temperature is
fitted to the third-order polynomial by regression analysis. Maxwell model is utilized to
calculate the thermal conductivity of Al,O3;/water nanofluid where the common thermal
conductivity value of 0.611 W/m.K and 40 W/m.K for water and Al,Oj3 is used [50] (see
Equation (5)).

ks + 2k — 20 (kg + k)

ks+kf+2¢(kf+ks) ®

kng =k

For modeling viscosity of the as-prepared ionic liquid-based MXene nanofluid as a
function of temperature, regression analysis of experimental data is performed. With User
Defined Function (UDF), the Equation is embedded into COMSOL, and the simulation
utilizes the user-defined thermal conductivity. Brinkman model is considered for modeling
the viscosity of Al,O3/water nanofluid [51]. The continuity, momentum and energy
equations (Equations (6)—(10)) that describe the flow are as follows:

Continuity:
Ju OJdv oJw
3 + @ + Frie 0 (6)
X-momentum:
Prf\"ox "%y TY%z) T ax "M\ a2 T a2 T a2
Y-momentum:
u%_l’_val_;’_wal —_aP+ @4_82704_& (8)
Pef\"ox "%y "%z ) T oy TH\ a2 T a2 T o2

Z-momentum:

uaﬁ+vaﬂ+waﬂ —_aP+ 827w+827w+a27w (9)
Prf\ "oz oy az) oz M\ ox2 ay? 972

Energy equation:

oT oT 2T 2T 2T
)— nf( ) (10)

C ua—T+v—+w— =5tz t5=
Prf=pnf\ "ox T %%y T Y%z a2 a2 T a2

It is assumed that nanofluid density (p,f) and heat capacity (Cp, ) are constant,
and their values are extracted from the empirical correlation described in the archival
literature [52,53] (Equations (11) and (12))

pnf = (1= @)ps + Pps (11)

Cpur = (L—=¢)(Cp) s+ ¢(Cp), (12)

For the proposed PV /T system, energy balance is employed as depicted in Equation (13).
This Equation is based on the Sun’s irradiance, panel surface radiation, convection between
PV/T and environment, electrical and thermal energy output.

G_Pel_Pth_Qc:mv_Q;ad:O (13)
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Equations (14) and (15) are used for modeling the convective and radiative heat
transfer of the proposed hybrid PV/T system.

— 1.(—kVT) = (T, — T) (14)

— n.(—kVT) = sa(T4mb - T4) (15)

a

Equations (16) and (17) are utilized for calculating the electrical power and thermal
energy of the studied hybrid PV /T system.

P,y = Voo * Igc x FF (16)

Pth = me(Tgut — Tin) (17)

Using Equations (18) and (19), the hybrid PV /T system’s electrical and thermal
efficiency are calculated.

o b el
__Pu
Mth = G x AC (19)

Boundary Conditions

The PV/T system’s side surfaces are assumed to be adiabatic, and continuous heat flux
is considered for the solid-fluid interface. Furthermore, the no-slip condition is preferred
for the solid boundaries. At theinletu =0,v=V,, w=0and T = T,, moreover zero pressure
boundary condition is chosen for the outlet. In addition, the bottom panel of the hybrid
solar PV/T system is insulated.

Meshing and Grid Independency

Figure 14 depicts the proposed PVT system’s finite element meshing where the bound-
aries and subdomains are equipped with triangular and tetrahedral meshes, respectively.
The water is chosen as a coolant with various meshes of coarser and finer sizes for indepen-
dent grid simulation of 1000 W/ m? and a mass flow rate of 0.05 kg/s, as seen in Table 4.
After the fifth mesh, the temperature value of the cell has not changed. Therefore, this
mesh size is chosen for all of the simulations presented in this study:.

Figure 14. Photovoltaic/thermal (PV/T) model with finite element meshing.
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80 T

Table 4. Grid independency test.

Serial No Size of Mesh Temperature of Cell
' (No. of Elements) ((@)
1 2.5 x 10° 42.341
2 4 % 10° 43.872
3 6 x 10° 44.003
4 8 x 10° 44118
5 1.5 x 10° 45.200
6 3.5 x 10° 45.201

Different coolants were used in this study to maintain the temperature of the PV mod-
ule within the permitted limit. Figure 15a illustrates a comparison with water, Al,O3 /water
and the newly developed ionic liquid-based MXene nanofluid to reveal the effect on PV cell
temperature at an irradiance level of 1000 W/m? and at varying mass flow rate. MXene-
based fluid has been found to have a higher temperature drop throughout the PV cell,
thereby indicating better thermal efficiency. Unfortunately, there was only a small tempera-
ture difference on the PV surface at a mass flow rate of less than 0.015 kg/s. Nevertheless,
a decreasing pattern is found with a considerable variation attributed to the module’s in-
creased convection rate. As a result, the surface temperature of the module decreased with
increased mass flow rate. At a maximum flow rate of 0.07 kg /s, the PV surface temperature
due to water, alumina/water and ionic liquid-based MXene nanofluid is 51.5 °C, 45.07 °C
and 42.5 °C, respectively.
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Figure 15. Cont.
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Figure 15. (a) PV cell surface temperature, (b) electrical efficiency, (c) thermal efficiency, (d) heat transfer coefficient of the

PV/T system as a function of mass flow rate using different coolant, at an irradiance of 1000 W/m? and concentration of

0.2 wt%. (e) Pumping power, (f) PV module surface temperature, (g) electrical efficiency, (h) thermal efficiency as a function

of concentration at an irradiance of 1000 W/m? and mass flow rate of 0.07 kg/s.

The comparison between electrical efficiency and mass flow rate variation for the
above-mentioned coolants is displayed in Figure 15b. The electrical efficiency increases
with mass flow rate, for Ionic liquid-based MXene nanofluid it increases from 12.15% to 13%
in the mass flow rate range from 0.01 to 0.07 kg/s. Therefore, utilizing ionic liquid-based
MXene nanofluid in the hybrid PV /T system increases the electrical performance by 6.5%
relative to alumina nanofluid at a mass flow rate of 0.07 kg/s. Consequently, an 18.7%
increase in electrical efficiency is obtained relative to water as a coolant at 0.07 kg/s mass
flow rate.

Variation of thermal efficiency with respect to the mass flow rate of the three coolants
is presented in Figure 15¢c. From the graph, increased mass flow rates improve the thermal
efficiency of the PV/T system regardless of the coolant type. The maximum thermal
efficiency of 63.3%, 71.18% and 77.5% is obtained for water, alumina and ionic liquid-based
MXene nanofluid, respectively at a mass flow rate of 0.07 kg/s. Results indicate that
ionic liquid-based MXene nanofluid performs better than alumina/water nanofluids and
demonstrates a strong heat transfer potential. In contrast to aluminum /water nanofluid,
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MXene-based fluid improved the thermal performance of the studied PV /T system by
10.28%.

Figure 15d depicts the as-prepared sample’s heat transfer coefficient with respect to
mass flow rate. The results illustrated that a rise in the mass flow rate contributes to an
increase in the heat transfer coefficient irrespective of the fluid type used in this analysis. A
maximum heat transfer coefficient of 6% for ionic liquid-based MXene nanofluid compared
to alumina/water nanofluid is obtained at 0.06 kg/s.

Figure 15e illustrates the pumping power required for nanofluid circulation with
the concentration of nanoparticles in the base fluid. Results demonstrate that the power
needed for pumping has a negligible effect if the nanofluid is changed to ionic liquid-
based MXene nanofluid in lieu of Alumina/water. This change is slightly remarkable
when the concentration is 0.4 wt%. Therefore, it is concluded that pumping power has a
negligible effect on PV/T performance. Figure 15f shows the PV module temperature with
nanoparticles’ concentration at a flow rate of 0.07 kg/s and irradiance of 1000 W/m?. It is
clear from the figure as the concentration increases the PV module temperature decreases.
Further, the percentage of temperature drop from 0.1% to 0.4% concentration is 10% which
is itself remarkable and solely due to the enhancement of thermal conductivity.

Figure 15g,h show the electrical and thermal efficiency with concentration, respectively,
at a flow rate of 0.07 kg/s and irradiance of 1000 W/ m?Z. Both the efficiencies improve with
an increase in concentration; electrical efficiency improves around 8.2% when concentration
increases from 0.1 to 0.4 wt%. Simultaneously, thermal efficiency has an improvement of
10.9% in the concentration range of 0.1 to 0.4 wt%.

4. Conclusions

Novel nanofluids containing MXene nanoparticles in diethylene glycol/[CgSO4] ionic
liquid mixture were formulated via the two-step method, which was subjected to various
temperature ranges for analyzing its thermophysical and rheological properties. [Cg§SO4]
and its MXene dissolved nanofluids attained good thermal stability because of their initial
thermal decomposition temperature of as high as 316 °C. The thermal conductivity of
the ionanofluids increased linearly with the rise in temperature which ranged from 25
to 80 °C, whereas the viscosity and density of the ionanofluids decreased drastically
especially in the range of 35 to 80 °C. Results demonstrate that the thermal conductivity
and thermal stability of the ionanofluids could be improved by increasing the MXene
nanoparticle concentration and temperature. The rheological behavior of the ionanofluids
revealed that the proposed fluids were Newtonian at the tested temperatures. According
to the Mouromtseff number and thermal properties analysis, of the five tested fluids,
the optimum thermal efficiency was obtained for 0.2 wt% mass concentration. From the
numerical simulation results, it is clear that the PV module temperature decreases with
increase in the ionanofluid concentration, further the percentage of temperature drop
from 0.1% to 0.4 wt% concentration is 10% which is itself remarkable. The final results
demonstrated that for the maximum flow rate (0.07 kg/s) thermal efficiency, the studied
fluid’s electrical efficiency and heat transfer coefficient increased by 78.5%, 18.7% and
6%, respectively. Therefore, Diethylene glycol/[CgSO4] and MXene dispersed ionanofluid
have a greater heat transfer potential than the conventional heat transfer fluids which
makes them suitable for advanced heat transfer fluids in high and medium temperature
applications.
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[CgSO4] 1-ethyl-3-methyl imidazolium octylsulfate

[EMIM][BF,] 1-methyl-3-ethylimidazolium tetrafluoroborate

[BMIM][BF4] 1-methyl-3-butylimidazolium tetraflouoroborate

[BMIM][Br] 1-butyl-3-methylimidazolium bromide
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[P14,6,6,6][RO] Trihexyl(tetradecyl)phosphonium carboxylate
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DEG Diethylene Glycol

HTF Heat Transfer Fluid
PEG Polyethylene Glycol
PVDF Polyvinylidene Fluoride
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SO Sodium Oxalate
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Ra Rayleigh Number
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SiO, Silicon dioxide

Ra Rayleigh number

¢ Concentration

S/m Siemens per meter
v-Al,O3 Gamma Alumina
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Figure A1. Viscosity versus shear rate for (a) [CgSO4]+DEG, (b) [C§SO4]+DEG+0.1 wt% MXene, (c) [CgSO4]+DEG+ 0.2 wt%
MXene, (d) [CgSO4]+DEG+ 0.3 wt% MXene, (e) [CgSO4]+DEG+ 0.4 wt% MXene.



Nanomaterials 2021, 11, 320 26 of 28

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Omiddezyani, S.; Gharehkhani, S.; Yousefi-Asli, V.; Khazaee, I.; Ashjaee, M.; Nayebi, R.; Shemirani, F.; Houshfar, E. Experimental
investigation on thermo-physical properties and heat transfer characteristics of green synthesized highly stable CoFe;O4/rGO
nanofluid. Colloids Surf. A Physicochem. Eng. Asp. 2021, 610, 125923. [CrossRef]

Murshed, S.M.S.; Sharifpur, M.; Giwa, S.O.; Meyer, ].P. Experimental Research and Development on the Natural Convection of
Suspensions of Nanoparticles—A Comprehensive Review. Nanomaterials 2020, 10, 1855. [CrossRef] [PubMed]

Hamze, S.; Berrada, N.; Cabaleiro, D.; Desforges, A.; Ghanbaja, J.; Gleize, J.; Bégin, D.; Michaux, F.; Maré, T.; Vigolo, B.; et al.
Few-Layer Graphene-Based Nanofluids with Enhanced Thermal Conductivity. Nanomaterials 2020, 10, 1258. [CrossRef]

Khan, M.Z.U; Uddin, E.; Akbar, B.; Akram, N.; Naqvi, A.A.; Sajid, M.; Ali, Z.; Younis, Y.; Marquez, EP.G. Investigation of
Heat Transfer and Pressure Drop in Microchannel Heat Sink Using Al,O3 and ZrO, Nanofluids. Nanomaterials 2020, 10, 1796.
[CrossRef] [PubMed]

Wang, Y.; Wang, Y.; Kong, M.; Alvarado, J.L. Thermophysical performance of graphene based aqueous nanofluids. Int. ]. Heat
Mass Transf. 2018, 119, 408—417. [CrossRef]

Zhou, R; Fu, S.; Li, H.; Yuan, D.; Tang, B.; Zhou, G. Experimental study on thermal performance of copper nanofluids in a
miniature heat pipe fabricated by wire electrical discharge machining. Appl. Therm. Eng. 2019, 160, 113989. [CrossRef]
Pourhoseini, S.; NaghiZadeh, N.; Hoseinzadeh, H. Effect of silver-water nanofluid on heat transfer performance of a plate heat
exchanger: An experimental and theoretical study. Powder Technol. 2018, 332, 279-286. [CrossRef]

Loni, R.; Asli-Areh, E.A.; Ghobadian, B.; Kasaeian, A.; Bellos, E. Thermal performance comparison between Al,O3/0il and
Si0, / oil nanofluids in cylindrical cavity receiver based on experimental study. Renew. Energy 2018, 129, 652—665. [CrossRef]
Zhang, Y.; Wang, L.; Zhang, N.; Zhou, Z. Adsorptive environmental applications of MXene nanomaterials: A review. RSC Adv.
2018, 8, 19895-19905. [CrossRef]

Mashtalir, O.; Cook, K.M.; Mochalin, V.N.; Crowe, M.; Barsoum, M.W.; Gogotsi, Y. Dye adsorption and decomposition on
two-dimensional titanium carbide in aqueous media. J. Mater. Chem. A 2014, 2, 14334-14338. [CrossRef]

Jastrzebska, A.M.; Szuplewska, A.; Rozmystowska-Wojciechowska, A.; Chudy, M.; Olszyna, A.; Birowska, M.; Popielski, M.;
Majewski, ].A.; Scheibe, B.; Natu, V.; et al. On tuning the cytotoxicity of Ti3C, (MXene) flakes to cancerous and benign cells by
post-delamination surface modifications. 2D Mater. 2020, 7, 025018. [CrossRef]

Nasrallah, G.K.; Al-Asmakh, M.; Rasool, K.; Mahmoud, K.A. Ecotoxicological assessment of TizC,Tx (MXene) using a zebrafish
embryo model. Environ. Sci. Nano 2018, 5, 1002-1011. [CrossRef]

Lina, P; Xiea, J.; Hea, Y,; Lub, X,; Lia, W.; Fanga, J.; Yana, S.; Zhanga, L.; Sheng, X.; Chena, Y. MXene aerogel-based phase change
materials toward solar energy conversion. Sol. Energy Mater. Sol. Cells 2020, 206, 110229. [CrossRef]

Lua, X.; Huangb, H.; Zhangb, X.; Linc, P; Huangd, J.; Sheng, X.; Zhangc, L.; Pingqua, ]. Novel light-driven and electro-driven
polyethylene glycol/two-dimensional MXene form-stable phase change material with enhanced thermal conductivity and
electrical conductivity for thermal energy storage. Compos. Part B Eng. 2019, 177, 107372. [CrossRef]

Wu, C.-W,; Unnikrishnan, B.; Chen, I.-W.P,; Harroun, S.G.; Chang, H.-T.; Huang, C.-C. Excellent oxidation resistive MXene
aqueous ink for micro-supercapacitor application. Energy Storage Mater. 2020, 25, 563-571. [CrossRef]

Zhang, M.; Wang, Y.; Gao, F; Wang, Y.; Shen, X.; He, N.; Zhu, |.; Chen, Y.; Wan, X,; Lian, X.; et al. Formation of new MXene film
using spinning coating method with DMSO solution and its application in advanced memristive device. Ceram. Int. 2019, 45,
19467-19472. [CrossRef]

Xiao, Y.; Ding, Y.; Cheng, H.; Lu, Z. The potential application of 2D Ti;CT, (T = C, O and S) monolayer MXenes as anodes for
Na-ion batteries: A theoretical study. Comput. Mater. Sci. 2019, 163, 267-277. [CrossRef]

Xiao, R.; Zhao, C.; Zou, Z.; Chen, Z.; Tian, L.; Xu, H.; Tang, H.; Liu, Q.; Lin, Z.; Yang, X. In situ fabrication of 1D CdS nanorod/2D
Ti3C2 MXene nanosheet Schottky heterojunction toward enhanced photocatalytic hydrogen evolution. Appl. Catal. B Environ.
2020, 268, 118382. [CrossRef]

Rajavel, K;; Luo, S.; Wan, Y.; Yu, X,; Hu, Y.; Zhu, P; Sun, R.; Wong, C. 2D Ti3C,Tx MXene/polyvinylidene fluoride (PVDEF)
nanocomposites for attenuation of electromagnetic radiation with excellent heat dissipation. Compos. Part A Appl. Sci. Manuf.
2020, 129, 105693. [CrossRef]

De Castro, C.A.N.; Lourenco, M.J.V,; Ribeiro, A.P.C; Langa, E.; Vieira, S.I.C.; Goodrich, P.; Hardacre, C. Thermal Properties of
Ionic Liquids and IoNanofluids of Imidazolium and Pyrrolidinium Liquids. J. Chem. Eng. Data 2009, 55, 653-661. [CrossRef]
Murshed, S.S.; de Castro, C.N.; Lourenco, M.].V,; Franga, J.; Ribeiro, A.P.C.; Vieira, S.I.C.; Queirés, C.S. Ionanofluids as Novel
Fluids for Advanced Heat Transfer Applications. Int. J. Phys. Math. Sci. 2011, 5, 579-582. [CrossRef]

Oster, K.; Hardacre, C.; Jacquemin, J.; Ribeiro, A.P.C.; ElSinawi, A. Thermal Conductivity Enhancement Phenomena in Ionic
Liquid-Based Nanofluids (Ionanofluids). Aust. J. Chem. 2019, 72, 21-33. [CrossRef]

Oster, K.; Hardacre, C.; Jacquemin, J.; Ribeiro, A.P.C.; ElSinawi, A. Ionic liquid-based nanofluids (ionanofluids) for thermal
applications: An experimental thermophysical characterization. Pure Appl. Chem. 2019, 91, 1309-1340. [CrossRef]

Jozwiak, B.; Dzido, G.; Zorebski, E.; Kolanowska, A.; Jedrysiak, R.; Dziadosz, J.; Libera, M.; Boncel, S.; Dzida, M. Remarkable
Thermal Conductivity Enhancement in Carbon-Based Ionanofluids: Effect of Nanoparticle Morphology. ACS Appl. Mater.
Interfaces 2020, 12, 38113-38123. [CrossRef] [PubMed]


http://doi.org/10.1016/j.colsurfa.2020.125923
http://doi.org/10.3390/nano10091855
http://www.ncbi.nlm.nih.gov/pubmed/32948081
http://doi.org/10.3390/nano10071258
http://doi.org/10.3390/nano10091796
http://www.ncbi.nlm.nih.gov/pubmed/32916991
http://doi.org/10.1016/j.ijheatmasstransfer.2017.11.019
http://doi.org/10.1016/j.applthermaleng.2019.113989
http://doi.org/10.1016/j.powtec.2018.03.058
http://doi.org/10.1016/j.renene.2018.06.029
http://doi.org/10.1039/C8RA03077D
http://doi.org/10.1039/C4TA02638A
http://doi.org/10.1088/2053-1583/ab6a60
http://doi.org/10.1039/C7EN01239J
http://doi.org/10.1016/j.solmat.2019.110229
http://doi.org/10.1016/j.compositesb.2019.107372
http://doi.org/10.1016/j.ensm.2019.09.026
http://doi.org/10.1016/j.ceramint.2019.06.202
http://doi.org/10.1016/j.commatsci.2019.03.039
http://doi.org/10.1016/j.apcatb.2019.118382
http://doi.org/10.1016/j.compositesa.2019.105693
http://doi.org/10.1021/je900648p
http://doi.org/10.5281/zenodo.1075068
http://doi.org/10.1071/CH18116
http://doi.org/10.1515/pac-2018-1114
http://doi.org/10.1021/acsami.0c09752
http://www.ncbi.nlm.nih.gov/pubmed/32649171

Nanomaterials 2021, 11, 320 27 of 28

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

Vallejo, J.P; Del Rio, ].M.L.; Fernandez, J.; Lugo, L. Tribological performance of silicon nitride and carbon black Ionanofluids
based on 1-ethyl-3-methylimidazolium methanesulfonate. J. Mol. Lig. 2020, 319, 114335. [CrossRef]

Jézwiak, B.; Boncel, S. Rheology of ionanofluids—A review. J. Mol. Lig. 2020, 302, 112568. [CrossRef]

Valkenburg, M.E.; Vaughn, R.L.; Williams, M.; Wilkes, J.S. Thermochemistry of ionic liquid heat-transfer fluids. Thermochim. Acta
2005, 425, 181-188. [CrossRef]

Paul, T.C.; Mahamud, R.; Khan, J.A. Multiphase modeling approach for ionic liquids (ILs) based nanofluids: Improving the
performance of heat transfer fluids (HTFs). Appl. Therm. Eng. 2019, 149, 165-172. [CrossRef]

Xie, H.; Zhao, Z.; Zhao, J.; Gao, H. Measurement of thermal conductivity, viscosity and density of ionic liquid [EMIM][DEP]-based
nanofluids. Chin. J. Chem. Eng. 2016, 24, 331-338. [CrossRef]

Minea, A.A.; El-Maghlany, WM. Natural convection heat transfer utilizing ionic nanofluids with temperature-dependent
thermophysical properties. Chem. Eng. Sci. 2017, 174, 13-24. [CrossRef]

Soman, D.P; Karthika, S.; Kalaichelvi, P.; Radhakrishnan, T. Impact of viscosity of nanofluid and ionic liquid on heat transfer. J.
Mol. Lig. 2019, 291, 111349. [CrossRef]

Cao, P; Li, Y.; Wu, Y,; Chen, H.; Zhang, J.; Cheng, L.; Niu, T. Role of base fluid on enhancement absorption properties of
Fe304 /ionic liquid nanofluids for direct absorption solar collector. Sol. Energy 2019, 194, 923-931. [CrossRef]

Aslfattahi, N.; Saidur, R.; Arifutzzaman, A.; Sadri, R.; Bimbo, N.; Sabri, M.EM.; Maughan, P.A.; Bouscarrat, L.; Dawson, R.J.; Said,
S.M.; et al. Experimental investigation of energy storage properties and thermal conductivity of a novel organic phase change
material/MXene as A new class of nanocomposites. J. Energy Storage 2020, 27, 101115. [CrossRef]

Asadi, A.; Alarifi, LM.; Ali, V.; Nguyen, H.M. An experimental investigation on the effects of ultrasonication time on stability
and thermal conductivity of MWCNT-water nanofluid: Finding the optimum ultrasonication time. Ultrason. Sonochem. 2019, 58,
104639. [CrossRef]

Li, E; Li, L.; Zhong, G.; Zhai, Y,; Li, Z. Effects of ultrasonic time, size of aggregates and temperature on the stability and viscosity
of Cu-ethylene glycol (EG) nanofluids. Int. . Heat Mass Transf. 2019, 129, 278-286. [CrossRef]

Mahbubul, I; Elcioglu, E.B.; Saidur, R.; Amalina, M. Optimization of ultrasonication period for better dispersion and stability of
TiO,—Water nanofluid. Ultrason. Sonochem. 2017, 37, 360-367. [CrossRef]

Asadi, A.; Aberoumand, S.; Moradikazerouni, A.; Pourfattah, E,; Zyla, G.; Estellé, P.; Mahian, O.; Wongwises, S.; Nguyen,
H.M.; Arabkoohsar, A. Recent advances in preparation methods and thermophysical properties of oil-based nanofluids: A
state-of-the-art review. Powder Technol. 2019, 352, 209-226. [CrossRef]

Bakthavatchalam, B.; Habib, K.; Rahman, S.; Aslfattahi, N.; Rashedi, A. Investigation of Electrical Conductivity, Optical Property,
and Stability of 2D MXene Nanofluid Containing Ionic Liquids. Appl. Sci. 2020, 10, 8943. [CrossRef]

Hu, M;; Li, Z;; Hu, T;; Zhu, S.; Zhang, C.; Wang, X. High-Capacitance Mechanism for Ti3C,Tx MXene by in Situ Electrochemical
Raman Spectroscopy Investigation. ACS Nano 2016, 10, 11344-11350. [CrossRef]

Franca, ].M.P,; Vieira, S1.C.; Lourenco, M.J.V.; Murshed, S.M.S.; De Castro, C.A.N. Thermal Conductivity of [C4mim][(CF350;),N]
and [Comim][EtSO,] and Their IoNanofluids with Carbon Nanotubes: Experiment and Theory. J. Chem. Eng. Data 2013, 58,
467-476. [CrossRef]

Marcinkowski, L.; Szepiriski, E.; Milewska, M.].; Kloskowski, A. Density, sound velocity, viscosity, and refractive index of new
morpholinium ionic liquids with amino acid-based anions: Effect of temperature, alkyl chain length, and anion. . Mol. Lig. 2019,
284, 557-568. [CrossRef]

Mariano, A.; Pastoriza-Gallego, M.].; Lugo, L.; Mussari, L.; Pifieiro, M.M. Co30; ethylene glycol-based nanofluids: Thermal
conductivity, viscosity and high pressure density. Int. |. Heat Mass Transf. 2015, 85, 54—-60. [CrossRef]

Bakthavatchalam, B.; Habib, K.; Saidur, R.; Saha, B.B.; Irshad, K. Comprehensive study on nanofluid and ionanofluid for heat
transfer enhancement: A review on current and future perspective. . Mol. Lig. 2020, 305, 112787. [CrossRef]

Costa, A.J.L.; Esperanga, ]. M.S.S.; Marrucho, I.M.; Rebélo, L. Densities and Viscosities of 1-Ethyl-3-methylimidazoliumn-Alkyl
Sulfates. J. Chem. Eng. Data 2011, 56, 3433-3441. [CrossRef]

Li, X.; Chen, W.; Zou, C. An experimental study on 3-cyclodextrin modified carbon nanotubes nanofluids for the direct absorption
solar collector (DASC): Specific heat capacity and photo-thermal conversion performance. Sol. Energy Mater. Sol. Cells 2020, 204,
110240. [CrossRef]

Bakthavatchalam, B.; Habib, K.; Saidur, R.; Shahabuddin, S.; Saha, B.B. Influence of solvents on the enhancement of thermophysical
properties and stability of multi-walled carbon nanotubes nanofluid. Nanotechnology 2020, 31, 235402. [CrossRef] [PubMed]
Mouromtseff, L.E. Water and Forced-Air Cooling of Vacuum Tubes Nonelectronic Problems in Electronic Tubes. Proc. IRE 1942,
30, 190-205. [CrossRef]

Simons, R.E. Calculation corner: Comparing heat transfer rates of liquid coolants using the Mouromtseff number. Electron. Cool.
2006, 12, 10.

Cengel, Y.A.; Klein, S.; Beckman, W. Heat Transfer: A Practical Approach; McGraw-Hill: New York, NY, USA, 1998; Volume 141.
Esfe, M.H.; Saedodin, S.; Mahian, O.; Wongwises, S. Thermal conductivity of Al,O3/water nanofluids. J. Therm. Anal. Calorim.
2014, 117, 675-681. [CrossRef]

Jarahnejad, M.; Haghighi, E.B.; Saleemi, M.; Nikkam, N.; Khodabandeh, R.; Palm, B.; Toprak, M.S.; Muhammed, M. Experimental
investigation on viscosity of water-based Al,O3 and TiO, nanofluids. Rheol. Acta 2015, 54, 411-422. [CrossRef]


http://doi.org/10.1016/j.molliq.2020.114335
http://doi.org/10.1016/j.molliq.2020.112568
http://doi.org/10.1016/j.tca.2004.11.013
http://doi.org/10.1016/j.applthermaleng.2018.12.039
http://doi.org/10.1016/j.cjche.2015.11.024
http://doi.org/10.1016/j.ces.2017.08.028
http://doi.org/10.1016/j.molliq.2019.111349
http://doi.org/10.1016/j.solener.2019.11.039
http://doi.org/10.1016/j.est.2019.101115
http://doi.org/10.1016/j.ultsonch.2019.104639
http://doi.org/10.1016/j.ijheatmasstransfer.2018.09.104
http://doi.org/10.1016/j.ultsonch.2017.01.024
http://doi.org/10.1016/j.powtec.2019.04.054
http://doi.org/10.3390/app10248943
http://doi.org/10.1021/acsnano.6b06597
http://doi.org/10.1021/je301183r
http://doi.org/10.1016/j.molliq.2019.04.026
http://doi.org/10.1016/j.ijheatmasstransfer.2015.01.061
http://doi.org/10.1016/j.molliq.2020.112787
http://doi.org/10.1021/je200434a
http://doi.org/10.1016/j.solmat.2019.110240
http://doi.org/10.1088/1361-6528/ab79ab
http://www.ncbi.nlm.nih.gov/pubmed/32097901
http://doi.org/10.1109/JRPROC.1942.234654
http://doi.org/10.1007/s10973-014-3771-x
http://doi.org/10.1007/s00397-015-0838-y

Nanomaterials 2021, 11, 320 28 of 28

52. Teng, T.-P; Hung, Y.-H. Estimation and experimental study of the density and specific heat for alumina nanofluid. J. Exp. Nanosci.
2012, 9, 707-718. [CrossRef]

53. Sekhar, Y.R.; Sharma, K. Study of viscosity and specific heat capacity characteristics of water-based Al,O3; nanofluids at low
particle concentrations. J. Exp. Nanosci. 2015, 10, 86-102. [CrossRef]


http://doi.org/10.1080/17458080.2012.696219
http://doi.org/10.1080/17458080.2013.796595

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Characterization 
	Uncertainty Analysis 

	Results and Discussion 
	Structural and Morphological Analysis of MXene Nanoparticles 
	Thermal Conductivity 
	Density 
	Viscosity 
	Rheological Analysis 
	Thermal Stability 
	Specific Heat Capacity 
	Heat Transfer Rate Efficiency of the Ionanofluids 
	Application of the Ionic Liquid-Based MXene Nanofluid in the PVT System 
	Numerical Model and Simulation 


	Conclusions 
	
	References

