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Abstract: The present work delineates the tailoring of the thermal effusivity and diffusivity of the
novel class of heat transfer fluids—ionanofluids—by the incorporation of nanocarbons like diesel
soot (DS), camphor soot (CS), carbon nanotubes (CN), and graphene (GR). When the thermal diffu-
sivity delivers information on the thermal energy propagation, the thermal effusivity concerns the
energy exchange at the interface, enabling energy-efficient thermal system design. The nanocarbons
are subjected to morphological characterisation by field emission scanning electron microscopy.
Fourier-transform infrared and Raman spectroscopic analyses confirm functional groups and vi-
brational bands. The microcrystalline size and graphiticity are also understood from the Raman
spectrum. Ionanofluids prepared by dispersing nanocarbons into an ionic liquid base 1-Butyl-
3-methylimidazolium methyl sulfate (BMMS) are analysed by nondestructive photopyroelectric
calorimetry (PPE). The PPE analysis of ionanofluids demonstrates that nanocarbons influence ther-
mal parameters in the base fluid, with soot ionanofluids exhibiting increased thermal effusivity and
diffusivity due to their various carbon allotropic composition. This study underscores the impor-
tance of selecting the appropriate carbon allotrope for tailoring ionanofluids’ thermal properties,
providing insights into manipulating these properties for enhanced performance across various
industrial applications.

Keywords: nanocarbon; soot; photopyroelectric calorimetry; thermal effusivity; thermal diffusivity

1. Introduction

The increasing demand for compact electronic devices necessitated the development
of novel cooling technology. The miniaturisation of electronic components, integrating
advanced materials like graphene and novel architectures, has notably increased process-
ing power and energy efficiency. These escalating challenges are addressed by employing
advanced cooling fluids with superior thermal conductivity, micro- and nanoscale cool-
ing techniques, and the exploration of unconventional cooling materials [1-3]. Cooling
fluids are significant in managing the heat generated by electronic components during
operation [4]. Efficient heat dissipation is critical for guaranteeing the optimal performance
and longevity of micro and nano electronic devices. Besides heat dissipation applications,
heat-trapping and thermal energy management-based applications are also necessary in
many industries. The areas where heat trapping finds application include thermal energy
storage, building insulation, space crafts, and geothermal systems [5,6]. Of various types
of heat transfer fluids, nanofluids, introduced by Choi in the 1990s [7], have a decisive
role in the advancement of electronic systems. The last decade witnessed the emergence
of nanoparticle-incorporated ionic fluids for heat transfer applications, spawning a novel
class of nanofluids termed ionanofluids [8,9].
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Ionanofluids are the engrossing fusion of nanotechnology and fluid dynamics, exhibit-
ing interesting thermal properties suitable for diverse industrial and electronic applica-
tions [10-12]. Nanoparticle incorporation into the base fluid enhances the heat transfer
capabilities of ionanofluids by merging the advantages of nanofluids with those of ionic
liquids [10,13,14]. Their superior thermal conductivity, wider temperature range, and
lower volatility make them suitable for heat dissipation [8,15]. The lesser agglomeration of
nanoparticles in ionic liquids is attributed to the greater stability of ionanofluids, ensuring
their prolonged and reliable performance. Besides the tuneable properties of an ionanofluid,
its reduced corrosivity gives longevity to cooling systems. Moreover, its electrical conduc-
tion ability makes it suitable for applications requiring simultaneous thermal and electrical
performance [15]. These properties of ionanofluids help in elevating the efficiency of solar
collectors, batteries, and cooling systems. Despite the cost of ionic liquids, research is going
on to develop promising heat transfer fluids for efficient thermal system management.

The heat transfer properties of ionanofluids can be understood by employing the
organic liquid solution theory that extends from classical solution principles to systems
comprising nanoscale particles dispersed in organic solvents [16,17]. This theoretical
framework considers thermodynamic and colloidal interactions between nanoparticles
and the organic liquid, accounting for nanoparticle size, surface chemistry, and charge
interactions with solvent molecules. It elucidates the thermophysical properties of the
nanofluid or ionanofluid, including thermal conductivity and viscosity alterations due
to nanoparticle presence. The theory addresses colloidal stability mechanisms such as
electrostatic and steric stabilisation to prevent nanoparticle aggregation. It also investigates
phase behaviour and stability under varying conditions, providing insights into phase
transitions and their impacts on solution performance [17]. The greater viscosity of ionic
liquids [18] offers greater stability to ionanofluids. Among various classes of nanoparticles,
carbon and its allotrope have gained significant attention [19-23]. Soot, a byproduct of
combustion, has been reported to contain allotropes of carbon at varying compositions
depending on the nature and source of soot formation [24-26].

The presence of carbon and its allotropes has prompted researchers to transform the
futile soot for fruitful applications. We have extensively studied the thermal-induced
dynamics in soot and its application as a light emitter, yield enhancer, and catalyst in seed
germination [27]. Besides these applications, the potential of different soot and carbon al-
lotropes (CAs) in tuning the thermal diffusivity of different base fluids is also studied using
laser-induced thermal lens spectroscopy [24,27]. Photothermal techniques are proven sensi-
tive and nondestructive methods for materials’ thermal and optical characterisation [28-30].

Photopyroelectric (PPE) technique, placed at the convergence of photonics and pyro-
electricity, presents significant potential for diverse applications [31]. Compared to other
photothermal methods, PPE technology presents unique advantages and characteristics.
Traditional photothermal techniques, such as photoacoustic and photothermal radiom-
etry methods, typically generate acoustic or thermal signals due to light absorption in
materials [28,32]. In contrast, PPE technique, exploits the pyroelectric effect in materials,
creating an electric charge in response to temperature changes induced by incident light.
The technique is suitable for solids and is excellent for liquids, as it provides excellent
thermal contact at the liquid—pyroelectric sensor (PS) interface [33]. PPE technique, finds
applications in broader areas, from nondestructive testing and imaging in materials sci-
ence to medical diagnostics and environmental monitoring [34,35]. In materials testing,
PPE technique enables the characterisation of optical and thermal properties with high
sensitivity, while in medical diagnostics, it finds utility in analysing structural changes
in biological samples [34-37]. The present paper investigates the nanocarbon-effected
thermal effusivity and thermal diffusivity tuning of an ionanofluid by the sensitive and
nondestructive photothermal technique—photopyroelectric calorimetry. Studies are also
performed with the industrially significant form of carbon allotropes—carbon nanotubes
and graphene.
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2. Theoretical Aspects

The theoretical aspects of the two back and front PPE configurations used in this study
are detailed in the literature [31]. The measurements for thermal diffusivity are conducted
in the back detection configuration using the thickness scanning procedure (thermal-wave
resonator cavity—TWRC). In the thermally thick regime (the geometrical thickness of the
layer is larger than the thermal diffusion length) for both the PS and sample, the PPE phase
is given by the well-known equation [38]:

G):LS<7Tf)1/2 o

Ks

where Ls and «; represent the sample’s thickness and thermal diffusivity, respectively, and
f is the frequency of the modulation of the incident beam. Equation (1) shows that the
PPE phase varies linearly with the sample’s thickness, and its slope allows for the direct
measurement of thermal diffusivity.

nf
(slope)?

(2)

Ng =

We want to emphasise that the TWRC method (for liquid samples) is more suitable
than the frequency scanning procedure because of two reasons: (i) since the modulation
frequency is constant during the whole measurement, we are sure about the thermal regime
(thick in this case) of the layers of the detection cell; (ii) no normalisation is necessary as we
are interested only in the relative variation in the PPE phase.

For the thermal effusivity study in the front configuration, if the sample and opaque
PS are thermally thick, the PPE signal’s phase is given by the following equation:

(1+ Rsp)sin(ayLy)e ke

3
1— (1+Rsp)cos(ayLy)e ke )

® = arctg

where ‘p’—pyroelectric sensor, and Rs,—reflection coefficient of the thermal wave at the
sample-PS interface. In Equation (3), ¢ is the complex thermal diffusion coefficient, a is the
reciprocal of the thermal diffusion length (2 = 1/y), and y is the thermal diffusion length.

bsy — 1 e '
sp — b:iﬁ; sp — i,‘ Os = (1 +z)as; u= (ths/w)l/z (4)

In conclusion, the frequency scanning procedure yields the value of ¢;, knowing the
thermal parameters of the PS (L, ey, ap).

3. Materials and Methods

Soot samples with carbon nanoparticles are synthesised by the incomplete combustion
of hydrocarbons from camphor and diesel [27,39]. To remove the impurities, a liquid phase
oxidation purification procedure is implemented on the collected soot particles as described
in the literature [39,40]. A mixture comprising concentrated nitric acid and sulphuric acid
(99.9%, Sigma-Aldrich, Burlington, MA, USA) is prepared in a 3:1 ratio. Subsequently,
the samples are introduced to the mixture and sonicated for 30 min using a Elma S30H
Elmasonic ultrasonicator (Singen, Germany). The sonicated solution is filtered through
Whatman Filter paper 41 (Whatman International Ltd., Maidstone, UK) with a pore size of
approximately 25 um, followed by five washes with distilled water and quenching with
ice-cooled water. To neutralise the acidic solution, sodium hydroxide is added until the
pH reaches a neutral level. The sample undergoes an additional five washes with double-
distilled water and is filtered using Whatman Filter paper 42 (Whatman International
Ltd., Maidstone, UK) with a pore size of 2.5 um. The resulting soot sample, obtained
after purification, is subsequently subjected to various characterisation techniques. The
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multiwalled carbon nanotubes (CNs) and graphene (GR) are purchased commercially
from Btcorp Generique Nano Private Ltd., Karnataka, India. The morphology of the CA
is characterised using a Nova Nano (FEI, Hillsboro, OR, USA) Field Emission Scanning
Electron Microscope (FESEM-Nova Nano, FEI, Hillsboro, OR, USA). Fourier-transform
(FT) infrared (IR—Shimadzu IRAffinity-1S, Kyoto, Japan) and Raman (Horiba LabRam
Microraman, Kyoto, Japan) spectroscopic analyses are conducted to study the structure
and functional groups present.

In the present work, ionanofluids are prepared by a two-step method, dispersing the
nanoparticles of the diesel soot (DS) and camphor soot (CS) and the carbon allotropes
multiwalled carbon nanotubes (CNs) and graphene (GR) in the ionic liquid, 1-Butyl-3-
methylimidazolium methyl sulfate (BMMS, Merck, Darmstadt, Germany) with unique and
noteworthy properties. Ionic liquids encompass a combination of organic and/or inorganic
ions, potentially featuring multiple cations or anions. The liquid exhibits electrostatic and
dispersive interactions at various length scales, contributing to its markedly nonisotropic
nature. As a member of the imidazolium-based ionic liquid family, BMMS exhibits low
volatility, high thermal stability, and good solvating properties. This specific compound
comprises a 1-butyl-3-methylimidazolium cation and a methyl sulfate anion. To obtain
a stable nanofluid, 0.5 mg of the sample is dispersed in 2 mL of BMMS (250 ppm) and
ultrasonicated for 30 min.

The working principle of the photopyroelectric (PPE) technique starts with the optical
irradiation of a sample, which partially transforms the radiation into heat. The temper-
ature modification of the sample is detected by a PS in direct thermal contact with the
sample [32,35]. In PPE calorimetry, one can choose from various detection combinations
to acquire at least one dynamic thermal parameter associated with the sample, such as
thermal diffusivity or effusivity. These combinations involve considerations of the detection
configuration (back or front), information source (PPE amplitude or phase), and scanning
parameter (chopping frequency or a scan of sample thickness) [31].

Concerning the samples that can be investigated, the PPE method can be successfully
applied to any type of condensed matter material. However, liquids are the most suitable
materials for PPE investigation because the sample-PS thermal contact is perfect [33].
Considering that the samples under investigation in this paper are liquids, we expect
accurate quantitative results. As mentioned above, one can select several combinations
concerning the thermal parameters that can be directly measured. In this study, we employ
the back configuration, where the sample receives direct irradiation, and the PS is positioned
at the back side of the sample. Simultaneously, a sample thickness scan using the TWRC
method [31] is conducted to obtain the sample’s thermal diffusivity («;). To directly measure
the samples’ thermal effusivity (e), we utilise the front detection configuration, where the
PS receives direct irradiation, and the sample, in contact with the PS, acts as a radiator. This
is combined with a frequency scanning procedure [33,41]. The thermal conductivity (K)
and volumetric heat capacity (C = density (p) x specific heat capacity (c)) are determined
through classical relationships in Equations (5) and (6).

¢ =CK (5)

K =C as. (6)

The experimental setups for both back and front PPE calorimetry employed in the
present study are detailed in the work by D Dadarlat et al. (2022) [31,33]. For this investi-
gation, the modulated incident radiation from a 100 mW YAG laser (wavelength 532 nm,
Laser Quantum, SMD6000, Los Gatos, CA, USA) reaches the PS—-sample assembly. The
signal from the PS is processed with a Stanford Research SR 830 lock-in nanovoltmeter.
Adequate LabWindows (Labview 7 express version 7.0) programs are used for frequency
and thickness scanning procedures and data acquisition. In both configurations, the PS
was a 10 x 10 x 0.5 mm? LiTaOj3 single crystal with gold electrical contacts.
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In the back detection configuration, the sample’s thickness is scanned by moving the
pyroelectric sensor in about a 300 um range with a step of 12 um by using a system based
on nano-motors. The modulation frequency is kept constant at 1 Hz. The “rough” control of
the sample’s thickness and the parallelism between the PS and a directly irradiated metallic
foil (assuring the opacity of the sample) are performed with 3- and 6-axis micrometric
stages. During the scanning procedure, the sample’s thickness variation is very rigorously
controlled, but the absolute sample’s thickness is not precisely known. The initial thickness
of the sample is about 1 mm, and its thickness is decreased as mentioned above with a step
of 12 um. From the whole scanning range, only the range showing a linear dependence
“relative PPE phase vs. relative sample’s thickness” is kept, because only in this range the
sample satisfies the thermally thick condition. In the front configuration, the sample is
(about 5 mm thick) filled on a cylinder glued on the PS. The modulation frequency range
employed for the study is 2-25 Hz to ensure the approximation for unidirectional heat
propagation through the detection cell. In this configuration, two frequency scans are
made, one scan with the sample and the second with the PS only. The measurement with
the empty PS is used for normalisation, eliminating any influences on the experimental
equipment. The minimum accepted signal-to-noise ratio is 100. Three measurement runs
are carried out for each sample to achieve the required repeatability of the measurements.

4. Results and Discussion

The structure, morphology, optical, and thermal properties are interconnected aspects
of a material that are prominent in determining how a material responds to temperature
changes, conducts heat, and behaves in various applications. The morphology of the
nanoparticles is examined using FESEM analysis. Figure 1 shows the FESEM images of CS,
DS, CN, and GR. When CN’s FESEM images reveal entangled nanotubes with an average
diameter of 20 nm, GR exhibits a highly porous and layered nanosheet-like structure. The
FESEM images of both soot samples depict agglomerated spherical carbon nanoparticles
ranging in size from 20 to 60 nm, interconnected to form chain-like structures.

Figure 1. FESEM images of (a) CN, (b) GR, (c) DS, and (d) CS.

FTIR spectroscopy enables the identification of specific functional groups in a sample
by measuring the absorption of infrared radiation at characteristic frequencies. Each
functional group exhibits unique absorption bands, allowing for the determination of
chemical constituents. The FTIR spectrum of the nanocarbon samples CN, GR, DS, and
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CS is displayed in Figure 2. The CN’s FTIR spectrum, shown in Figure 2a, displays the
peaks at 964 cm ™!, signifying y (C=C) vibrations, indicating the backbone of CNT, and the
peak at 1333 cm ! corresponds to O-H/C-OH vibrations. When the peak at 1494 cm !
corresponds to das/vy (C-H) vibrations, suggesting the involvement of CH;, or CHj groups,
that at 1661 cm ™! represents y (C=0) vibrations, indicating the presence of carboxyl groups
(-COOH) in the CNT. The 2070 cm ! and 2311 cm~! peaks indicate e4g vibrations and
O-H stretching vibrations in -COOH, respectively. The FTIR spectrum of GR, shown
in Figure 2b, exhibits peaks at 954 cm~! and 1074 cm ! representing & (C-O-C) and
v (C-O) vibrations, respectively, revealing the presence of oxygen-containing functional
groups. The peak at 1250 cm ™! signifies y (C-OH) vibrations in graphene oxide (GO),
while 1374 cm ™! indicates O-H or C-OH vibrations from tertiary alcohol. The y (C=0)
vibrations and O-H stretching vibrations in -COOH, reflecting the presence of carboxyl
groups in GO, appear as peaks at 1730 cm ™! and 2306 cm ™!, respectively. Additionally,
distinctive features, respectively at 2656 cm~! and 2890 cm ™!, represent y (C-H) vibrations
and ys (C-H) vibrations in CH; groups [42].
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Figure 2. FTIR spectrum of (a) CN, (b) GR, (c¢) DS, and (d) CS.

The FTIR analysis of camphor soot and diesel soot, shown in Figure 2c,d, reveals
spectra rich in characteristic peaks of CN and GR, suggesting the presence of the carbon
allotropes, carbon nanotubes and graphene. In CS, peaks at 737 cm ! signify y (C=0) vibra-
tions in graphene oxide, indicating the presence of carbonyl groups. The spectrum further
reveals 5/y (C-H) vibrations at 886 cm™1, along with y (C-O) vibrations at 1032 cm ™,
indicative of carboxyl/alkoxy groups. The peaks at 1207 cm ! represent backbone peaks
of carbon nanotubes having v (C=C) vibrations, and 1286 cm! suggests vy (C-O) vibra-
tions in CNT, pointing to ester, ether, phenol, or carboxyl groups. Peaks at 1722 cm ™!
and 1930 cm ! correspond to y (C=0) vibrations in CNT-COOH, denoting nonconjugated

~COOH groups, respectively. The edg vibrations at 2097 cm~! and O-H stretching vibrations

in -COOH at 2312 cm ™! are also observed in the spectrum. Symmetric stretching vibra-
tions (vas) of CH; or CHj groups are respectively observed at 2847 cm ™! and 2922 cm™ 1.
Similarly, in DS, peaks at 743 cm~!, 904 cm~!, 1218 cm~! and 1595 cm !, 1714 cm~! and
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1955 cm~1, 2010 em 1, 2337 ecm ™1, 2846 cm 1, and 2934 cm !, respectively denote y (C=0),
8/v (C-H), v (C=C), y (C=0), edg, O-H stretching, and ya.s (C-H) vibrations in the sample.
When the additional peaks at 1372 cm~! and 1446 cm ™! signify O-H/C-OH in -COOH
and 8,5/ (C-H) stretching vibrations, respectively, that at 2123 cm~! indicate the y (CC)
edg vibrations of the C20 ring in fullerenes [42]. Thus, the FTIR spectra comprehensively
characterise the functional groups and molecular vibrations in all the carbon samples.

Carbon allotropes exhibit distinctive Raman spectra that offer valuable understandings
of their structural and electronic properties. One prominent feature of multiwalled CNTs is
the presence of intermediate frequency mode (IFM) (380-1200 cm™1), manifested as a set of
peaks at lower wavenumbers. In the IFM mode of carbon nanotubes (CNTs), the predom-
inant vibrations are attributed to Radial Breathing Modes (RBMs) [43]. RBMs represent
vibrational modes characterised by the radial expansion and contraction of the nanotube
structure perpendicular to its axis. Within the context of IFM, these vibrations manifest at
intermediate frequencies within the Raman spectrum of CNTs. Additionally, CNTs display
the graphitic (G) band around 1550-1590 cm ™!, representing tangential modes associated
with the vibrations in their graphitic structure. The G band, corresponding to the Ejg
phonon mode, signifies the stretching vibrations of pairs of sp?-bonded carbon atoms. The
disorder (D) band, indicative of defects and disorder, is another essential component in the
Raman spectra that appears around 1350 cm 1.

The Raman spectral peak intensity ratio of the D band (Ip) to G bands (I) serves as a
metric for assessing structural quality [43,44]. Along with the D and G band, graphene has a
prominent band called the 2D band, which appears around 2700-2800 cm ™! and is sensitive
to the number of graphene layers. In high-quality graphene, the D band is typically weak.
The Raman spectrum of CN, GR, CS, and DS is displayed in Figure 3. All the samples except
graphene show an IFM mode in the lower wavenumber region (<1000 cm™1), indicating
the signature peak of CNTs. Even though all samples show distinct D and G peaks, the
2D peak is absent in CNTs. A non-dispersive second-order phonon peak [43] is observed
at 2432 cm~! in GR and 2335 cm ™! in CS. When GR shows a combination (D+G) band
at 2906 cm !, DS shows a combination band of the G band and RBM, the M band, at
1765 cm~!. The presence of signature peaks of CNTs and graphene in soot proves that
they are a mixture of these important allotropes of carbon. From the Ip /I ratio, shown
in Figure 3e, it is evident that the soot samples exhibit more disorder or appear to be less
graphitic compared to CN and GR. The microcrystalline dimensions (L,) given by the
Tuinstra and Koening relation [45—48], L, (nm) = 4.35 x (Ig/Ip), provide a convenient
method for estimating the average size of sp? carbon domains. The variation in L, for the
samples is shown in Figure 3f.

Thermal diffusivity studies of ionanofluid are highly significant as they find applica-
tions connected with heat transfer in fluids. Based on the requirement of heat dissipation
or heat-trapping, the thermal properties of the nanofluid are to be tuned. The present
work elucidates the thermal effusivity and thermal diffusivity tuning of the ionanofluid,
by suitably incorporating any of CN, GR, CS, or DS. For determining the a5 value of the
sample by the thickness scan PPE method, the variation in the phase of the signal with
the thickness of the sample is recorded and plotted as shown in Figure 4a. From the slope
of the plot, the thermal diffusivity of the samples is calculated using Equation (2). The
experiment is validated by finding the thermal diffusivity of water, and its value is obtained
as (1.55 & 0.01) x 10~7 m?s~!, which agrees well with the literature [49]. From Figure 4b,
it can be seen that for a concentration of 250 ppm, when CN and GR lower the thermal
diffusivity of the base fluid by 10.11% and 6.74%, respectively, the CS and DS enhance
the thermal diffusivity of the base fluid by 5.62% and 10.11%. Figure 3f shows that the
microcrystalline size is higher for CN and GR than for the soot, CS and DS. The higher
thermal diffusivity of the ionanofluids with CS and DS, as shown in Figure 4b, can thus be
attributed to the decrease in microcrystalline size computed from the Raman spectrum.
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A knowledge of thermal effusivity is essential in understanding thermal energy ex-
change between two systems. It is crucial to point out that, despite sharing common
parameters, thermal diffusivity and effusivity are distinct thermal properties with different
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implications [50,51]. When the thermal diffusivity primarily pertains to the velocity at
which thermal equilibrium is achieved, the effusivity or the heat penetration coefficient
refers to how rapidly a material exchanges heat with the proximity. It plays a significant role
in establishing the contact temperature when two bodies come into contact. The thermal
effusivity of the samples is obtained in the front PPE configuration where the variation
in normalised phase with the modulation frequency of the incident radiation is recorded
and is shown in Figure 5a. The value of the thermal effusivity is obtained through a fit of
the experimental data with Equation (3). From Figure 5b, it can be understood that when
the soot samples enhance the thermal effusivity, the carbon allotropes-CN and GR lower
the thermal effusivity of the base fluid—ionic liquid, BMMS. The values of K and C of the
ionanofluids and the base fluid are shown in Figures 6a and 6b, respectively. The variation
in K with nanoparticles is the same as that of «s. The effect of incorporation of CN, GR, DS,
and CS in the ionic liquid is found to lower the value of C, which suggests that the amount
of heat needed to increase the temperature of the unit volume of the ionanofluid by 1 °C
decreases. The decrease in C helps in the easy rise of temperature with a lesser amount of
heat energy compared to the base fluid. In other words, the temperature rise is greater in
the ionanofluid compared to the base fluid.
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Additionally, surface geometry, including shape and curvature, can alter heat transfer
mechanisms, leading to variations in thermal effusivity compared to flat surfaces [52].
The enhancement of thermal effusivity of soot ionanofluid, evidenced by Figure 5, can be
attributed to the composition of soot containing amorphous carbon, carbon nanoparticles,
CNTs, and graphene. The composition of these soot constituents depends on the nature of
combustion and the source used. The presence of carbon nanoparticles and amorphous
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carbon, in addition to CNTs and graphene, increases the effective contact area of the soot
with the base fluid, BMMS, compared to nanofluid with CN and GR. The greater the
area of contact of the nanoparticles with the base fluid, the greater the thermal exchange,
which results in enhanced thermal diffusivity and effusivity, as observed in Figures 4 and 5.
The presence of amorphous carbon and carbon nanoparticles also helps in triggering the
energy flow through the convective heat transfer mechanism through several inter-related
processes compared to the graphene sheets and CNTs. The irregular surface structures
and nanoscale roughness create turbulence in the fluid flow, increasing the interfacial area
and promoting efficient heat transfer. Also, the formation of thermal boundary layers at
the interface between the nanoparticles and the fluid aids in transferring heat through
convection. The tendency of these particles to agglomerate and cluster within the fluid also
enhances convective heat transfer by inducing fluid motion and creating localised regions
of high nanoparticle concentration. In addition, the turbulent flow patterns induced by the
presence of these nanoparticles improve fluid mixing by continuously bringing fresh fluid
into contact with the heated surfaces and facilitating convective heat transfer throughout
the medium.

The coexistence of amorphous carbon and carbon nanoparticles within a medium can
also significantly impact its volumetric heat capacity due to their lower volumetric heat
capacities than the surrounding fluid. When dispersed within the fluid, they effectively
dilute the overall heat capacity of the mixture. Also, the presence of these nanoparticles
can alter the thermal conductivity of the fluid, affecting its ability to store and transfer heat.
Higher thermal conductivity can lead to faster heat transfer rates, potentially influencing
the effective volumetric heat capacity of the medium. The interaction between nanoparticles
and the fluid results in changes to the fluid’s specific heat capacity, particularly if there are
interactions that affect the fluid’s thermal properties. Thus, the coexistence of amorphous
carbon and carbon nanoparticles in soot samples alter the volumetric heat capacity of
the medium through a combination of dilution effects, changes in thermal conductivity,
and potential modifications to the fluid’s specific heat capacity. This study thus suggests
a possible method of tailoring the thermal diffusivity and effusivity of the ionanofluid
through a proper selection of carbon allotropes or soot.

5. Conclusions

The advancements in diverse industries like building insulations, electronics, and
automobiles necessitate the development of effective heat transfer/retention systems. The
demand is addressed to a certain extent by developing a novel class of coolants—nanofluids
and ionanofluids. When the heat transfer property of a material is reflected through its
thermal diffusivity, the thermal energy exchange at the interface between two media gets
revealed from the thermal effusivity. This study explores the tailoring of thermal effusivity
and thermal diffusivity in an ionanofluid by incorporating various sources of nanocarbon
such as diesel soot, camphor soot, carbon nanotubes, and graphene using a nondestructive
photothermal technique, photopyroelectric calorimetry (PPE). The morphology of the
samples by FESEM reveals that when soot particles show agglomerated nanospheres, CNTs
and graphene show entangled nanotubes and layered sheet-like structures. Structure
analysis tools like FTIR and Raman spectroscopy confirm the presence of functional groups
and vibrational bands. The Ip/I; ratio from the Raman spectrum reveals that the soot
samples display increased disorder or a less graphitic appearance in comparison to the
carbon allotropes—CN and GR. The ionanofluids prepared by a two-step method that
involves dispersing CN, GR, DS, and CS into the ionic liquid BMMS in a concentration of
250 ppm, are subjected to PPE analysis to extract the thermal parameters such as thermal
diffusivity and effusivity. The PPE analysis reveals that at a given concentration, when
CN and GR decrease the thermal parameters of the base fluid, CS and DS enhance the
thermal parameters in the base fluid, ionic liquid BMMS. The observed increase in the
thermal effusivity of soot ionanofluid is attributed to the composition of soot, including
amorphous carbon, carbon nanoparticles, CNTs, and graphene, which varies depending on
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the combustion nature and source. The decrease in microcrystalline size computed from
the Raman spectrum also suggests the reason for the increase in thermal diffusivity of soot
ionanofluids. The presence of carbon nanoparticles and amorphous carbon, alongside CNTs
and graphene, expands the effective contact area between soot and the base fluid, leading
to enhanced thermal diffusivity and effusivity. Thus, this study suggests that the selection
of carbon allotropes or soot allows for the tailoring of the ionanofluid’s thermal properties,
emphasising the potential for influencing thermal diffusivity and effusivity through proper
carbon allotrope choice. In various industrial scenarios, understanding the distinctions
between effusivity and diffusivity is essential, as effusivity often takes precedence as the
controlling parameter over diffusivity, impacting thermal processes and applications.

Author Contributions: Conceptualisation, M.N.S.S. and S.I.S.; methodology, M.N.S.S., C.T. and A.F;
software, D.N.D., C.T. and A.F,; validation, D.N.D. and D.K,; formal analysis, M.N.S.S., D.N.D. and
S.IS.; investigation, M.N.S.S. and S.I.S.; resources, M.N.S.S., D.K. and D.N.D.; writing—original draft
preparation, M.N.S.S. and S.I.S.; writing—review and editing, D.K. and S.L.S.; supervision, S.I.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Slovenian Research Agency, grant number P2-0393.
Data Availability Statement: The data will be made available upon reasonable request.

Acknowledgments: The authors Mohanachandran Nair Sindhu Swapna and Dorota Korte acknowl-
edge the financial support from Slovenian Research Agency (project J7-2602 and P2-0393).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Brown, J.S.; Domanski, P.A. Review of alternative cooling technologies. Appl. Therm. Eng. 2014, 64, 252-262. [CrossRef]

2. Mariam, E.; Ramasubramanian, B.; Reddy, V.S.; Dalapati, G.K.; Ghosh, S.; Sherin, T.; Chakrabortty, S.; Motapothula, M.R.; Kumar,
A.; Ramakrishna, S.; et al. Emerging trends in cooling technologies for photovoltaic systems. Renew. Sustain. Energy Rev. 2024,
192,114203. [CrossRef]

3.  Luo,S; Xu, D.;Song, J.; Liu, J. A review of regenerative cooling technologies for scramjets. Appl. Therm. Eng. 2021, 190, 116754.
[CrossRef]

4. Sun, Y, Samudra, A.; Sahinidis, N.V. 110th Anniversary: Design of Cooling Fluids for Electronic Equipment. Ind. Eng. Chem. Res.
2019, 58, 4925-4935. [CrossRef]

5. Mubarrat, M.; Mashfy, M.M.; Farhan, T.; Ehsan, M.M. Research Advancement and Potential Prospects of Thermal Energy Storage
in Concentrated Solar Power Application. Int. J. Thermofluids 2023, 20, 100431. [CrossRef]

6. Ibrahim, Z.; Newby, S.; Hassani, V.; Ya’akub, S.R.; Bakar, S.A.; Razlan, Z.; Khairunizam, W. A review of the application and
effectiveness of heat storage system using phase change materials in the built environment. In Proceedings of the Green Design
and Manufacture 2020, Arau, Malaysia, 23-24 July 2020; AIP Publishing: College Park, MD, USA, 2021; p. 020131. [CrossRef]

7. Choi, S.U.S,; Eastman, J.A. Enhancing Thermal Conductivity of Fluids with Nanoparticles; Argonne National Lab.: Argonne, IL,
USA, 1995.

8. Minea, A.A.; Murshed, SM.S. Ionic Liquids-Based Nanocolloids—A Review of Progress and Prospects in Convective Heat
Transfer Applications. Nanomaterials 2021, 11, 1039. [CrossRef]

9. Bridges, N.J.; Visser, A.E.; Fox, E.B. Potential of Nanoparticle-Enhanced Ionic Liquids (NEILs) as Advanced Heat-Transfer Fluids.
Energy Fuels 2011, 25, 4862-4864. [CrossRef]

10. Murshed, S.M.S.; de Castro, C.A.N.; Lourengo, M.J.V.; Lopes, M.L.M.; Santos, F.J.V. Current research and future applications of
nano- and ionano-fluids. J. Phys. Conf. Ser. 2012, 395, 012117. [CrossRef]

11. Faizan, M.; Ahmed, R.; Ali, H.M. A critical review on thermophysical and electrochemical properties of Ionanofluids (nanoparticles
dispersed in ionic liquids) and their applications. J. Taiwan Inst. Chem. Eng. 2021, 124, 391-423. [CrossRef]

12.  Das, L.; Rubbi, E; Habib, K.; Aslfattahi, N.; Saidur, R.; Saha, B.B.; Algarni, S.; Irshad, K.; Algahtani, T. State-of-the-art ionic liquid
& jonanofluids incorporated with advanced nanomaterials for solar energy applications. J. Mol. Lig. 2021, 336, 116563. [CrossRef]

13.  Hosseinghorbani, A.; Mozaffarian, M.; Pazuki, G. Application of graphene oxide IoNanofluid as a superior heat transfer fluid in
concentrated solar power plants. Int. Commun. Heat Mass Transf. 2020, 111, 104450. [CrossRef]

14. Khan, I; Bhat, A.H.; Sharma, D.K.; Usmani, M.A.; Khan, F. Overview of Nanofluids to Ionanofluids: Applications and Challenges.
In Nanomaterials for Healthcare, Energy and Environment; Bhat, A., Khan, I., Jawaid, M., Suliman, E.,, Al-Lawati, H., Al-Kindy, S.,
Eds.; Springer: Singapore, 2019; pp. 199-227. [CrossRef]

15. 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. J. Mol. Lig. 2020, 305, 112787. [CrossRef]

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


https://doi.org/10.1016/j.applthermaleng.2013.12.014
https://doi.org/10.1016/j.rser.2023.114203
https://doi.org/10.1016/j.applthermaleng.2021.116754
https://doi.org/10.1021/acs.iecr.8b06378
https://doi.org/10.1016/j.ijft.2023.100431
https://doi.org/10.1063/5.0048426
https://doi.org/10.3390/nano11041039
https://doi.org/10.1021/ef2012084
https://doi.org/10.1088/1742-6596/395/1/012117
https://doi.org/10.1016/j.jtice.2021.02.004
https://doi.org/10.1016/j.molliq.2021.116563
https://doi.org/10.1016/j.icheatmasstransfer.2019.104450
https://doi.org/10.1007/978-981-13-9833-9_10
https://doi.org/10.1016/j.molliq.2020.112787
https://doi.org/10.1016/j.molliq.2020.112568

C 2024, 10, 40 12 of 13

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.
27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

Das, S.K.; Choi, S.U.; Yu, W.; Pradeep, T. Nanofluids: Science and Technology; John Wiley & Sons: Hoboken, NJ, USA, 2007.

Vieira, N.S.M.; Vazquez-Fernandez, I.; Aradjo, ].M.M.; Plechkova, N.V.; Seddon, K.R.; Rebelo, L.P.N.; Pereiro, A.B. Physicochemi-
cal Characterization of Ionic Liquid Binary Mixtures Containing 1-Butyl-3-methylimidazolium as the Common Cation. J. Chem.
Eng. Data 2019, 64, 4891-4903. [CrossRef]

Sancakoglu, O. 21st Century Surface ScienceTechnological Background and Properties of Thin Film Semiconductors. In 21st
Century Surface Science; Pham, P., Goel, P., Kumar, S., Yadav, K., Eds.; IntechOpen: Rijeka, Croatia, 2020. [CrossRef]

Borode, A.O.; Ahmed, N.A.; Olubambi, P.A. A review of heat transfer application of carbon-based nanofluid in heat exchangers.
Nano-Struct. Nano-Objects 2019, 20, 100394. [CrossRef]

Manimegalai, S.; Vickram, S.; Deena, S.R.; Rohini, K.; Thanigaivel, S.; Manikandan, S.; Subbaiya, R.; Karmegam, N.; Kim, W,;
Govarthanan, M. Carbon-based nanomaterial intervention and efficient removal of various contaminants from effluents—A
review. Chemosphere 2023, 312, 137319. [CrossRef] [PubMed]

Niu, R;; Gong, J.; Xu, D.; Tang, T.; Sun, Z. The effect of particle shape on the structure and rheological properties of carbon-based
particle suspensions. Chin. J. Polym. Sci. 2015, 33, 1550-1561. [CrossRef]

Tunckol, M.; Durand, J.; Serp, P. Carbon nanomaterial-ionic liquid hybrids. Carbon 2012, 50, 4303-4334. [CrossRef]

Swapna, M.S,; Raj, V.; Sankararaman, S. Allotropic transformation instigated thermal diffusivity of soot nanofluid: Thermal lens
study. Phys. Fluids 2019, 31, 117106. [CrossRef]

Mansurov, Z.A. Soot formation in combustion processes. Combust. Explos. Shock. Waves 2005, 41, 727-744. [CrossRef]
Mansurov, Z. Soot and Nanomaterials Synthesis in the Flame. J. Mater. Sci. Chem. Eng. 2014, 2, 1-6. [CrossRef]

Swapna, M.S. Nanobiophotonic Applications and Thermal Induced Dynamics of Soot Theoretical Spectral and Laser Assisted Thermal Lens
Studies; University of Kerala: Thiruvananthapuram, India, 2021. Available online: http://hdl.handle.net/10603 /360251 (accessed
on 9 April 2024).

Sell, J. Photothermal Investigations of Solids and Fluids, 1st ed.; Elsevier: Amsterdam, The Netherlands, 2012.

Tam, A.C. Photothermal Techniques in Material Characterization Applications. In Review of Progress in Quantitative Nondestructive
Evaluation; Springer: Boston, MA, USA, 1989; pp. 473-487. [CrossRef]

Usoltseva, L.O.; Korobov, M.V.; Proskurnin, M.A. Photothermal spectroscopy: A promising tool for nanofluids. J. Appl. Phys.
2020, 128, 190901. [CrossRef]

Dadarlat, D.; Tripon, C.; White, I.R.; Korte, D. Photopyroelectric spectroscopy and calorimetry. J. Appl. Phys. 2022, 132, 191101.
[CrossRef]

Mandelis, A.; Zver, M.M. Theory of photopyroelectric spectroscopy of solids. |. Appl. Phys. 1985, 57, 4421-4430. [CrossRef]
Dadarlat, D. Photopyroelectric calorimetry of liquids; recent development and applications. Laser Phys. 2009, 19, 1330-1339.
[CrossRef]

Balderas-Lopez, J.A.; Mandelis, A. Photopyroelectric Spectroscopy of Pure Fluids and Liquid Mixtures: Foundations and
State-of-the-Art Applications. Int. ]. Thermophys. 2020, 41, 78. [CrossRef]

Chirtoc, M.; Mihilescu, G. Theory of the photopyroelectric method for investigation of optical and thermal materials properties.
Phys. Rev. B 1989, 40, 9606-9617. [CrossRef]

Iguchi, C.Y.; Santos, W.N.D.; Gregorio, R. Determination of thermal properties of pyroelectric polymers, copolymers and blends
by the laser flash technique. Polym. Test. 2007, 26, 788-792. [CrossRef]

De Albuquerque, J.E.; Giacomantonio, C.; White, A.G.; Meredith, P. Determination of thermal and optical parameters of melanins
by photopyroelectric spectroscopy. Appl. Phys. Lett. 2005, 87, 061920. [CrossRef]

Dadarlat, D.; Neamtu, C. High Performance Photopyroelectric Calorimetry of Liquids. Acta Chim. Slov. 2009, 56, 225-236.
Swapna, M.S.; Sankararaman, S. Blue light emitting diesel soot for photonic applications. Mater. Res. Express. 2018, 5, 016203.
[CrossRef]

Hussain, S.; Jha, P; Chouksey, A.; Raman, R.; Islam, S.S.; Islam, T.; Choudhary, PK. Spectroscopic investigation of modified single
wall carbon nanotube (SWCNT). J. Mod. Phys. 2011, 2, 538-543. [CrossRef]

Shen, J.; Mandelis, A.; Tsai, H. Signal generation mechanisms; intracavity-gas thermal-diffusivity temperature dependence, and
absolute infrared emissivity measurements in a thermal-wave resonant cavity. Rev. Sci. Instrum. 1998, 69, 197-203. [CrossRef]
Tucureanu, V.; Matei, A.; Avram, A.M. FTIR Spectroscopy for Carbon Family Study. Crit. Rev. Anal. Chem. 2016, 46, 502-520.
[CrossRef] [PubMed]

Dresselhaus, M.S.; Dresselhaus, G.; Saito, R.; Jorio, A. Raman spectroscopy of carbon nanotubes. Phys. Rep. 2005, 409, 47-99.
[CrossRef]

Bokobza, L.; Bruneel, J.-L.; Couzi, M. Raman spectra of carbon-based materials (from graphite to carbon black) and of some
silicone composites. C |. Carbon Res. 2015, 1, 77-94. [CrossRef]

Mohan, A.N.; Manoj, B. Synthesis and characterization of carbon nanospheres from hydrocarbon soot. Int. J. Electrochem. Sci.
2012, 7, 9537-9549. [CrossRef]

Tuinstra, F.; Koenig, J.L. Raman spectrum of graphite. J. Chem. Phys. 1970, 53, 1126-1130. [CrossRef]

Pimenta, M.A.; Dresselhaus, G.; Dresselhaus, M.S.; Cangado, L.G; Jorio, A.; Saito, R. Studying disorder in graphite-based systems
by Raman spectroscopy. Phys. Chem. Chem. Phys. 2007, 9, 1276-1290. [CrossRef]

Tuinstra, F; Koenig, ].L. Characterization of Graphite Fiber Surfaces with Raman Spectroscopy. J. Compos. Mater. 1970, 4, 492—-499.
[CrossRef]


https://doi.org/10.1021/acs.jced.9b00415
https://doi.org/10.5772/intechopen.87891
https://doi.org/10.1016/j.nanoso.2019.100394
https://doi.org/10.1016/j.chemosphere.2022.137319
https://www.ncbi.nlm.nih.gov/pubmed/36410505
https://doi.org/10.1007/s10118-015-1704-1
https://doi.org/10.1016/j.carbon.2012.05.017
https://doi.org/10.1063/1.5124030
https://doi.org/10.1007/s10573-005-0083-2
https://doi.org/10.4236/msce.2014.21001
http://hdl.handle.net/10603/360251
https://doi.org/10.1007/978-1-4613-0817-1_60
https://doi.org/10.1063/5.0024332
https://doi.org/10.1063/5.0085594
https://doi.org/10.1063/1.334565
https://doi.org/10.1134/S1054660X09060255
https://doi.org/10.1007/s10765-020-02662-3
https://doi.org/10.1103/PhysRevB.40.9606
https://doi.org/10.1016/j.polymertesting.2007.04.009
https://doi.org/10.1063/1.2009833
https://doi.org/10.1088/2053-1591/aaa656
https://doi.org/10.4236/jmp.2011.26063
https://doi.org/10.1063/1.1148495
https://doi.org/10.1080/10408347.2016.1157013
https://www.ncbi.nlm.nih.gov/pubmed/26941009
https://doi.org/10.1016/j.physrep.2004.10.006
https://doi.org/10.3390/c1010077
https://doi.org/10.1016/S1452-3981(23)16217-1
https://doi.org/10.1063/1.1674108
https://doi.org/10.1039/B613962K
https://doi.org/10.1177/002199837000400405

C 2024, 10, 40 13 of 13

49.

50.

51.
52.

Instruments, T.T. Materials Thermal Properties Database. 2017. Available online: https://thermtest.com/thermal-resources/
materials-database (accessed on 25 November 2022).

Zhang, G.; Koman, V.B.; Shikdar, T.; Oliver, R.].; Perez-Lodeiro, N.; Strano, M.S. High Thermal Effusivity Nanocarbon Materials
for Resonant Thermal Energy Harvesting. Small 2021, 17, 2006752. [CrossRef] [PubMed]

Marin, E. Thermal Physics Concepts: The Role of the Thermal Effusivity. Phys. Teach. 2006, 44, 432—434. [CrossRef]

Bock, B.D.; Meyer, ].P.; Thome, ].R. Falling film boiling and pool boiling on plain circular tubes: Influence of surface roughness,
surface material and saturation temperature on heat transfer and dryout. Exp. Therm. Fluid Sci. 2019, 109, 109870. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://thermtest.com/thermal-resources/materials-database
https://thermtest.com/thermal-resources/materials-database
https://doi.org/10.1002/smll.202006752
https://www.ncbi.nlm.nih.gov/pubmed/33675290
https://doi.org/10.1119/1.2353583
https://doi.org/10.1016/j.expthermflusci.2019.109870

	Introduction 
	Theoretical Aspects 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

