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Abstract: In recent years, solar thermal energy (STE) has attracted energy researchers because of
its higher efficacy compared to the photovoltaic solar cell. STE is one of the forms of solar energy
whereby heat is transferred via a secondary medium called heat transfer fluids (HTFs). Therefore,
the overall performance of STE depends on the thermophysical properties and thermal performance
of the HTFs. Traditional HTFs suffer from low decomposition temperature, high melting point, and
higher vapor pressure. To overcome these limitations, researchers have recently begun working on
new HTFs for STE. Ionic liquids (ILs) are considered as a potential candidate for the next generation
of HTFs because of their enhanced thermophysical properties, such as thermal stability at high
temperature, insignificant vapor pressure, and high ionic conductivity. In addition, thermophysical
properties and thermal performance of ILs can be further enhanced by dispersing nanoparticles,
which is one of the emerging research interests to improve the efficiency of the solar thermal system.
This paper summarizes the recent study of ILs-based nanofluids as HTFs. These summaries are
divided into two sections (i) thermophysical properties studies, such as density, viscosity, thermal
conductivity, and heat capacity, and (ii) thermal performance studies such as natural convection and
forced convection. Synthesis of ILs-based nanofluids and thermophysical properties measurement
techniques are also discussed. Based on these state-of-the-art summaries, we offer recommendations
for potential future research direction for ILs-based nanofluids.

Keywords: ionic liquids (ILs); ILs-based nanofluids; density; viscosity; specific heat; thermal conduc-
tivity; heat transfer coefficient

1. Introduction

Environmental and energy-related researchers are continuously working on alter-
native renewable energy sources and solar energy is already showing its potential as a
renewable energy source. There are two forms of solar energy conversion: (i) photovoltaic,
where sunlight is directly converted to electricity by using semiconductor and photovoltaic
effect, and (ii) solar thermal energy (STE), where sunlight is stored in secondary heat
transfer fluids (HTFs) [1]. There are three different fields of study, receiver technology,
concentrator design, and advanced high temperature HTFs, used to increase the efficiency
of STE [2]. Thermal oil, Therminol VP-1, and molten salts are commonly used as HTFs,
however, all of them have their own drawbacks, such as low decomposition temperature,
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high vapor pressure at high temperature, and a higher melting temperature [3]. Therefore,
there is an active need for new HTFs for solar thermal applications.

Ionic Liquids (ILs), which are liquid at room temperature and consist of organic cations
as well as organic/inorganic anions, gained attention as HTFs because of their excellent
thermophysical properties [4]. These properties include negligible vapor pressure and
volatility, high thermal stability, low melting point, high ionic conductivity, high solvating
capability, and a tendency toward air and moisture stability. Other than in use as HTFs, ILs
have many industrial and engineering applications, such as solvents in chemical plants,
gas handling, coal processing, and pharmaceuticals, etc. [5–9]. Figure 1 presents the Web of
Science [10] report of ILs-related publications, including journals, conferences, patents, and
others over the last 20 years.
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Figure 1. Web of Science record of ionic liquids related publications [10].

Those studies include thermophysical properties, such as melting point, density,
viscosity, thermal conductivity, heat capacity, and thermal performance. For example,
the melting point of different ILs were studied by Ngo et al. [11] and it was found that
with increasing cations size, the melting point of ILs decreases. Another study suggested
that cations with a higher chain length have potential for solar cell applications [12].
Murray et al. [13] reported that the increasing alkyl length of cations decreases the density
of ILs. Viscosity also increases with the alkyl chain length of cations [14]. Ge et al. [15]
experimentally measured the thermal conductivity of ILs within a temperature range of
20 ◦C to 80 ◦C, and found that the thermal conductivity decreases slightly with temperature.
Natural convection and forced convection heat transfer performance of different ILs was
studied by Paul et al. [16,17]. The convective heat transfer coefficient of ILs is lower than
DI-water, whereas the Nusselt number is higher than DI-water because of the higher vis-
cous force and lower thermal conductivity of ILs compared to the DI-water. Moreover, the
forced convection behavior of ILs followed the established Shah’s and Gnielinski’s [18,19]
heat transfer correlation for laminar and turbulent flow conditions, respectively. Similar
behavior for forced convection heat transfer of 1-butyl-3-methylimidazolium bis (trifluo-
romethanesulfonyl) imide ([C4mim][NTf2]) ILs under a laminar flow regime was reported
by Chen et al. [20]. He et al. [21] have studied the heat transfer and flow behavior (laminar)
of 1-hexyl-3-methylimidazolium tetrafluoroborate ([C6mim][BF4]) ILs in microfins and
smooth tubes, and reported a 5.6% increment of friction factor, and 5.4–11.3% enhancement
of Nusselt number for finned tubing compare to smooth tube. Wang et al. [22] performed
a numerical study of [C4mim][NTf2] ILs flowing through both smooth and corrugated
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tube, and found an increased Nusselt number with an increasing corrugation height to
diameter ratio. Wadekar [23] studied the assessment of ILs as a heat transfer fluid in
common heat exchangers configurations, and found that ILs have a lower heat transfer
coefficient compared to the other HTFs.

Another promising research area is nanofluids, which consist of base fluids such as
water or ethylene glycol, and small volume/weight percentage of nanoparticles. Nanoflu-
ids have diversified applications, such as industrial cooling, nuclear reactor, extraction of
geothermal power, automotive coolant, nanodrug delivery, and sensing and imaging [24].
Figure 2 presents the Web of Science report of nanofluid-related publications, including
journal, conference, patents, and other over the last 20 years [10]. Nanofluids have already
shown enhanced thermophysical properties [25–29] and thermal performance [30–35].
Enhancement of thermal conductivity and viscosity of nanofluids can be attributed to
the Brownian motion, interfacial boundary layer of the nanoparticles, and nanoparticles
aggregation [25–29]. The heat transfer coefficient of nanofluids increases in forced convec-
tion, which is due to enhanced thermal conductivity, particle migration in the boundary
layer, and reduction in boundary layer thickness [30–33]. Conversely, experimental natural
convection in nanofluids shows lower heat transfer coefficients compared to base fluids,
owing to the sedimentation of nanoparticles on the heated surfaces [34,35]. However, nu-
merical studies of natural convection show enhanced behavior, since in numerical studies
the sedimentation effect is not accounted for.
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The concept of nanofluids is used to enhance the thermophysical properties of ionic
liquids (ILs) by dispersing a small volume/weight percentage of nanoparticles into base
ILs and formed ILs-based nanofluids. Therefore, ILs-based nanofluids have gained interest
as HTFs [36–45]. Several research groups are working on ILs-based nanofluids, and to
date, several attempts have been made to quantify their thermophysical properties, such as
thermal stability, rheological behavior, thermal conductivity, heat capacity, and thermal
performance under natural and forced convection conditions.

Bridges et al. [36] studied the density and heat capacity of 1-Butyl-2,3-dimethylimidazo
lium bis (trifluoromethylsulfonyl) imide ([C4mmim][NTf2]) ILs with Al2O3 nanoparticles,
and reported an enhanced heat capacity. The rheological behavior of SiO2 nanoparticle-
enhanced ILs was studied by Wittmar et al. [37], and reported that the hydrophobicity
of ILs strongly affects the rheological behavior of ILs-based nanofluids. Franca et al. [38]
studied the thermal conductivity of [C4mim][(NTf2] and [C2mim][EtSO4] ILs with 0.5 wt%,
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1 wt%, and 3 wt% multiwalled carbon nanotubes (MWCNTs). The authors reported a
maximum 26% enhancement of thermal conductivity for 3 wt% ILs-based nanofluids.
Atashrouz et al. [39] developed a mathematical model to characterize the thermal conduc-
tivity of ionanofluids using a group method of data handling, and found that the modified
geometric mean model better predicts the thermal conductivity of ionanofluids. Chereches
et al. [40] studied the thermal conductivity and viscosity of nanodiamond and 1-butyl-3-
methylimidazolium tetrafluoroborate ([C4mim][BF4]) ILs-based nanofluids with 0.36%,
0.69%, and 1.04% volume concentration, respectively. The authors reported a 9.3% thermal
conductivity and 126% viscosity enhancement for a 1.04% nanoparticle concentration.
Density and heat capacity of Al2O3 nanoparticles enhanced 1-Ethyl-3-methylimidazolium
methanesulfonate [C2mim][CH3SO3] ILs have been studied by Chereches et al. [41]. The
authors concluded that density and heat capacity increases with nanoparticles concen-
tration, and decreases with temperature. Alizadeh et al. [42] experimentally studied the
viscosity, electrical conductivity, and surface tension of ILs-based nanofluids. The au-
thors synthesized the ionanofluids by dispersing 1 wt%, 2 wt%, and 3 wt% graphene
nanoplatelets with 1-butyl-3-methylimidazolium hexafluorophosphate ([C4mim])[PF6])
ILs, and found that the viscosity and surface tension decreases with temperature and
nanoparticles concentration and electrical conductivity increases with temperature and
nanoparticles concentration. Joseph et al. [43] investigated the rheological behavior of
1-butyl-4-methylpyridinium chloride ILs-based iron oxide nanofluids, and reported a
dendrite-like nanostructure and shear thinning behavior of ILs-based nanofluids. Pamies
et al. [44] also reported the non-Newtonian shear thinning behavior of ILs-based nanoflu-
ids comprised of 1-ethyl-3-methylimidazolium ([EMIM][DCA]) ILs and 1 wt% carbon
nanotubes (CNTs). Zhang et al. [45] reported a maximum 28.6% enhancement of ther-
mal conductivity of ILs-based nanofluids containing 1-ethyl-3-methylimidazolium acetate
([C2mim]Ac) ILs and 5 wt% graphene nanoparticles.

Based on the above-mentioned literature, it is clear that ILs-based nanofluids have
potential thermophysical properties as HTFs for next generation solar thermal energy
systems. There are many studies of ILs-based nanofluids with different combinations of
base ILs and nanoparticles. Therefore, there is a need of critical review and future direction
of the development of ILs-based nanofluids for solar thermal applications. This paper
presents a critical review of the development of ILs-based nanofluids. Here, the reviews
are divided into two major sections: (i) thermophysical properties studies (density, thermal
conductivity, viscosity, and specific heat), and (ii) thermal performance studies (natural
and forced convection). Numerical studies of thermophysical properties and thermal
performance are also included.

2. Synthesis and Thermophysical Property Characterizations of ILs-Based Nanofluids
2.1. State-of-the-Art Synthesis Technique

ILs-based nanofluids are prepared by dispersing small amounts of nanoparticles into
base ionic liquids (ILs), and, as seen in all of the studied literature, use the two-steps
method [46] (see Figure 3). In the two-steps method, nanoparticles are prepared first in
powder form, then dispersed into the base ILs. The preparation of ILs-based nanofluids
was mainly done by vortex mixture or sonification to reduce possible agglomeration
of nanoparticles.

Table 1 represents all the studied base ILs, while Table 2 represents the summary of
studied ILs-based nanofluids with their nanoparticles concentrations.
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Table 1. List of the studied ionic liquids.

Ionic Liquids Abbreviations

1-butyl-2,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide [C4mmim][NTf2]
1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide [C4mim][[NTf2]
1-butyl-3-methylimidazolium hexafluorophosphate [C4mim][PF6]
1-Butyl-3-methylimidazolium tetrafluoroborate [C4mim][BF4])
N-butyl-N-methylpyrrolidiniumbis{trifluoromethyl)sulfonyl} imide [C4mpyrr][NTf2]
1-butyl-3-methylimidazolium dicyanamide [C4mim][Dca]
1-butyl-3-methylimidazolium trifluoromethanesulfonate [C4mim][CF3SO3]
1-n-butyl-3-methyl-imidazolium thiocyanate [C4mim][SCN]
N-butyl-N,N,N-trimetylammonium bis(trifluorme thylsulfonyl)imide [N4111][NTf2]
1-ethyl-3-methylimidazolium ethylsulfate [C2mim][EtSO4]
1-ethyl-3-methylimidazolium methanesulfonate [C2mim][CH3SO3]
1-ethyl-3-methylimidazolium dicyanamide [C2mim][DCA]
1-ethyl-3-methylimidazolium acetate [C2mim]Ac
1-ethyl-3-methylimidazolium diethylphosphate [C2mim][DEP]
1-ethyl-3-methyl-imidazolium thiocyanate [C2mim][SCN]
1-ethyl-3-methylimidazolium ethylsulfate [C2mim][C2SO4]
1-ethyl-3-methyl-imidazolium tricyanomethanide [C2mim][C(CN)3]
1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonil)imide [C6mim][NTf2]
1-hexyl-3-methylimidazolium tetrafloroborate [C6mim][BF4]
1-hexyl-3-methylimidazolium hexafluorophosphate [C6mim][PF6]
1-propyl-3-methylimidazolium Iodide [PMII]
Trihexyltetradecylphosphonium dicyanamide [P66614][N-(CN)2]
Trihexyltetradecylphosphonium bromide [P66614][Br]
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Table 2. Summary of ionic liquids-based nanofluids.

Ionic Liquids Nanoparticles Concentration Particle Size/Shape Study Parameters Mixing Method Ref.

[C4mmim][NTf2] Al2O3 0.5, 1, 2.5 wt% 50 nm spherical Density and heat capacity Vortex mixture [36]

[C6mim][NTf2]
[C6mim][BF4] SiO2 0.1, 0.3, 0.5, 1, and 2 wt% 10–20 nm spherical Viscosity and rheological

behavior

Ultrasound treatment in a
BANDELIN-Sonorex

Digitec ultrasound bath
[37]

[C4mim][ NTf2]
[C2mim][EtSO4]

Multiwalled carbon
nanotubes (MWCNTs) 0.5, 1, 3 wt% 13−16 nm dia., 1−10 µm length Thermal conductivity Sonication [38]

[C2mim][CH3SO3] Al2O3 1, 2, 3 wt% Not mentioned Heat capacity Not mentioned [40]

[C4mim][PF6] Graphene 1, 2, 3 wt% Not mentioned Surface tension, electrical
conductivity, viscosity Ultrasonic sonicator [42]

1-butyl-4-
methylpyridinium

chloride
FeSO4 4, 6.8, 14.7 and 15.6 mass% 5–10 nm viscosity One step method [43]

[C2mim][DCA] MWCNTs, Aligned
MWCNTs, SWCNTs 1 wt.%

MWCNTs-8 nm dia., 0.5–2 µm length,
Aligned MWCNTs-10–20 nm dia., 5–15 µm

length, SWCNTs-1–2 nm dia., 5–30 µm
length

viscosity Agatemortar [44]

[C2mim][Ac] Graphene nanoplatelets 0.05, 0.3, 0.5, 1, 2, 3, 5 mass
fraction 5–10 µm dia., 4–20 nm thickness Viscosity, thermal

conductivity Ultrasonication [45]

[C2mim][DEP] Multi-wall carbon
nanotubes (MWCNTs) 0.2, 0.5, 1 mass fraction 20–40 nm dia., 1–2 µm length thermal conductivity,

viscosity and density Magnetic stirrer [47]

[C2mim][DEP] Single-wall carbon
nanotubes (SWCNTs) 0.5, 1, 2 wt% 1–2 nm dia., 5–30 µm length Thermal conductivity Ultrasonic vibration [48]

[C4mim][NTf2] Al2O3 0.5, 1, 2.5 wt% 50 nm Density, viscosity, thermal
conductivity Vortex mixture [49]

[C6mim][BF4] Graphene 0.03, 0.06 wt% Not mentioned
Thermal conductivity,

viscosity, specific heat and
density

Ultrasonic vibration [50]

[C4mim][BF4]
[C4mim][PF6]

Multiwalled carbon
nanotubes (MWCNTs) 12.4 11.4 wt% 10–80 nm dia., 1–2 µm length Specific heat Agate mortar and grinding [51]
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Table 2. Cont.

Ionic Liquids Nanoparticles Concentration Particle Size/Shape Study Parameters Mixing Method Ref.

[C6mim][BF4]

Graphite nanoparticles
(GNPs), single-wall carbon
nanotubes (SWCNTs) and

graphene (GE)

0.005, 0.01 wt% 30 nm, 2 nm, and lengths range from 5 to
30 mm, 0.8 nm

Specific heat, thermal
conductivity, viscosity

Ultrasonic apparatus,
magnetic stirrer [52]

[C6mim][BF4] Graphene, MWCNTs 0.03, 0.06, 0.09 wt% Not mentioned Thermal conductivity,
Specific heat, Viscosity Ultrasonicator [53]

[C6mim][BF4] SiC 0.01, 0.03, 0.06 wt% 30 nm
Thermal conductivity,
Specific heat, Viscosity,

optical properties

Ultrasonication
homogenizer Sonifier [54]

[Cnmim][NTf2] (where n =
4, 6, and 8),

[C4mim][CF3SO3],
[C2mim][EtSO4],

[C4mim][BF4], and
[C4mim][PF6]

MWCNTs 1, 1.5 wt.% length of nanotubes were 13–16 nm and
1–10 µm

Thermal conductivity,
specific heat Sonication [55]

[C4mim][NTf2]
[C4mpyrr][NTf2] Al2O3 1 wt% 50 nm

Thermal conductivity, heat
capacity, heat transfer

coefficient
Vortex mixture [56]

[C4mim][Dca]
[C4mim][NTf2]

[C4mpyrr][NTf2]
[C4mim][PF6]

[C2mim][C2SO4]

MWCNTs 0.5, 1, 3 wt%
13–16 nm
diameter,

1–10 mm length
Density, Heat capacity [57]

[C4mim][PF6] Gold nanoparticles 1 wt% 5.2, 18.4, 18.4, 29.9 and 56.4 nm Thermal conductivity,
viscosity Sonication [58]

[C4mim][PF6] Gold nanoparticles 1 wt% 5.2 nm Thermal conductivity,
friction coefficient Sonication [59]

[C4mmim][Tf2N]

Al2O3 MWCNTs SWCNTs
carbon black ZnO

Fe2O3
SiO2
CuO
Au

0.5, 2.5 wt%

50 nm
2−4 nm × 2800 nm

20−25 nm × 1−5 µm
0.7–2.5 nm × 0.5–10 µm

4 nm
50 nm

5−15 nm
100 nm

Viscosity, thermal
conductivity Vortex mixture [60]
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Table 2. Cont.

Ionic Liquids Nanoparticles Concentration Particle Size/Shape Study Parameters Mixing Method Ref.

[C6mim][BF4]
[C4mim][PF6]
[C6mim][PF6]

[C4mim][CF3SO3]
[C4mpyrr][NTf2]

MWCNTs 1, 1.5 wt% 13–16 nm dia., 1–10 mm length Thermal conductivity, heat
capacity Sonication [61]

[C4mim][NTf2]
[C4mpyrr][NTf2],

[N4111][NTf2]
[C4mmim][NTf2]

Al2O3 0.5, 1, 2.5 wt% 50 nm Viscosity, thermal
conductivity, heat capacity Vortex mixture [62]

[P66614][N-(CN)2]
[P66614][Br]

[C2mim][SCN]
[C4mim][SCN]

[C2mim][C(CN)3]
[C4mim][C(CN)3]

MWCNTs 0.5, 1 wt% 13–16 nm dia., 1–10 mm length Thermal conductivity Sonication [63]

[C4mim][BF4] Modified graphene 0.01%, 0.03% and 0.05%
wt% Not mentioned Thermal conductivity,

Radiative properties Mildly stirring [64]

[C4mim][PF6] MWCNTs 0.05, 0.1 wt% Diameter, 20–40 nm; length, 5–15 µm Thermal conductivity [65]

[(C6)3PC14)]
[Phosph]

[(C4)3PC1)]
[C1SO4]

[(C6)3PC14]
[NTf2]

MWCNTs 0.1, 0.2 wt% 13–16 nm dia., 1–10 mm length
Thermal conductivity,

viscosity, heat capacity,
thermal stability

Sonication [66]

[C4mim][PF6]
Functionalized multiwalled

carbon nanotubes
(F-MWCNTs)

0.01, 0.02, 0.04, 0.06 wt% Diameter, 20–40 nm;
length, 5–15 µm Viscosity Ultrasonication [67]

[PMII] MWCNTs 0.1 wt% Outer diameter of 8–15 nm, inner diameter
of 3–5 nm, length of approximately 50 µm Viscosity Not mentioned [68]
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2.2. Experimental Measurements, and Theoretical and Empirical Correlation

Density of ILs-based nanofluids is generally measured by using specific gravity bal-
ance [47], pycnometer [49], and Anton Paar DMA 4500 M densitometer [57] within the
temperature range of 298.15 K to 323.15 K, 283.15 to 343.15 K, and 298.15 to 363.15 K, re-
spectively. However, mixing theory [69] can be used to theoretically calculate the effective
density of ILs-based nanofluids:

ρINF = φ ρn + (1− φ)ρBL (1)

where ρINF, ρn, and ρBL are the density of ILs-based nanofluids, nanoparticles, and base
fluid, respectively, and φ is the nanoparticles’ volume fraction.

The thermal conductivity of ILs-based nanofluids can be measured by using a KD2
pro thermal property analyzer (Decagon Device, Inc., Pullman, USA and Labcell Ltd.,
Alton, UK), [38,49,54–56,58–66], thermal conductivity measuring instrument TC 3010L
(Xian Xiatech Co., Ltd., Xian, China) [47,48], and thermal constants analyzer (Hot Disk TPS
2500S, Hot Disk AB, Sweden) [50,52,53]. The KD2 pro and TC 3010L operate based on the
principle of the transient hot-wire method, while the Hot Disk TPS 2500S uses the transient
plane source (TPS) method.

Aside from this, different theoretical models were considered by many researchers to
calculate the thermal conductivity of ILs-based nanofluids. All of the used and proposed
theoretical models and empirical correlations are listed in Tables 3 and 4, respectively.

Table 3. Commonly used theoretical models to calculate the effective thermal conductivity of ILs-based nanofluids.

Models Equations Ref.

Maxwell model [70] kINF
kBL

=
kn+2kBL−2φ(kBL−kn)
kn+2kBL+φ(kBL−kn)

[54,61,62,64,71]

Hamilton and Crosser
model [72]

kINF
kBL

=
kn+(α−1)kBF−(α−1)(kBF−kn)φ

kn+(α−1)kBF+(kBF−kn)φ
[47,52,63,65,73]

Bruggeman model [74] k INL = 1
4 [(3φ− 1)kn + (2− 3φ)kBL ] +

kBL
4

√
∆∆ =

[
(3φ− 1)2

(
kn

kBL

)2
+ (2− 3φ)2 + 2

(
2 + 9φ− 9φ2

)( kn
kBL

)]
[62]

Aggregation model [75]

kINF
kBL

=
ka+2kBL−2φa(kBL−ka)
ka+2kBL+φa(kBL−ka)

ka
kBL

= 1
4

{
(3φin − 1) kn

kBL
+ (3(1− φin)− 1) +

[
((3φin − 1) kn

kBL
+ (3(1− φin)− 1)

)2
+ 8 kn

kBL

]1/2

}

where φin(=
( aa

a )D−3
) [62]

Interfacial layer [76]
k INF =

(kn−klr)φklr [2γ2
1−γ2+1]+(kn+2klr)γ2

1 [φγ2(klr−kBL)+kBL ]
γ2

1(kn+2klr)−(kn−klr)φ[γ2
1+γ2−1]

where kBL < klr < kn ; here klr = 3kBL considered.
γ = 1 + h

a γ1 = 1 + h
2a

[47,55,61–
63,66,73]

Table 4. Empirical correlations of effective thermal conductivity of ILs-based nanofluids.

Equations Ref.

kINF = kBL
(
1 + C1φ + C2φ2)

Where C1 = 4.36± 0.11, C2 = −248.55± 10.44
[71]

kINF
kBL

= 12.496φ + 1 [49]

kINF
kBL

= 7.3φ + 1 [65]

The viscosity of ILs-based nanofluids is commonly measured by using an Anton Paar
Rheometer Physica MCR 301 [37], Brookfield-DVII+Pro [42], HAAKE MARS 2 rheometer
(Thermo Fisher Scientific, Karlsruhe, Germany) [43], AR-G2 rotational rheometer from TA
instruments (New Castle, Delaware, USA) [44], Viscotester iQ, Haake, Germany [45], capil-
lary viscometer [47], cone and plate type rotary viscometer [49,53,54,62], viscometer (DVI,
Brookfield, Middleboro, MA, USA) [50,52], HAAKE RS6000 (Germany) Rheometer [58],
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and controlled stress rheometer (Haake model RS1) [60]. It is worth noting that most of the
viscosity measuring units have a cone and plate type arrangement.

Additionally, different theoretical models were considered by many researchers to
calculate the viscosity of ILs-based nanofluids, and all of the used theoretical models and
empirical correlations are listed in the Tables 5 and 6, respectively.

Table 5. Theoretical models of the effective viscosity of ILs-based nanofluids.

Models Equations Ref.

Einstein model [77] µINF
µBL

= 1 + 2.5φ [45,62]

Brinkman model [78] µINF
µBL

= 1
(1−φ)2.5 [45,47,62]

Batchelor model [79] µINF
µBL

= 6.5φ2 + 2.5φ + 1 [45,54,62]

Nielson [80]

µINF
µBL

= (1 + 1.5φ)e
φ

(1−φm)

where φm is the maximum particle packing
fraction which is typically considered 0.605.

[62]

Krieger-Dougherty (K-D)
model [81]

µINF
µBL

= (1− φ
0.605

( aa
a )

1.2)−1.5125

where, aa and a are the average radii of the
aggregate and primary nanoparticles,

respectively.

[62]

Table 6. Empirical correlations of effective viscosity of ILs-based nanofluids.

Equations Ref.
µINF
µBL

= 1.1φ + 1 [45]
µINF
µBL

= 19088φ2 + 3.733φ + 1 [49]

Heat capacity of ILs-based nanofluids is commonly measured by using differential
scanning calorimeter equipment, such as the DSC Q2000 [40,56,62], DSC, Q20 [50,52,53],
TA Instruments, thermal analyzer (DSC823, Mettler-Toledo, Switzerland) [54], differen-
tial scanning calorimeter (DSC-111, Setaram, Lyon, France) [55,61], differential scanning
calorimeter equipment, and Q100 TA instruments [57,66]. In all the techniques, the heating
rate is 10 ◦C/min. Additionally, to date, two different groups have proposed two different
models to theoretically predict the heat capacity of ILs-based nanofluids as summarized in
Table 7.

Table 7. Theoretical models of the heat capacity of ILs-based nanofluids.

Models Equations Ref.

Pak and Cho [82] Cp, INF = φCp,n + (1− φ)Cp,BL [41]

Xuan and Roetzel [83] cp,INF =
(1−φ)ρBLCp,BL+φρnCp,n

(1−φ)ρBL+φρn
[41,57,62,66]

3. Literature Survey of Thermophysical Properties of ILs-Based Nanofluids
3.1. Density

Although density has significant effect on the thermal-hydraulic characteristics of ILs-
based nanofluids in terms of pumping power, especially for forced convection heat transfer,
unfortunately, most researchers have ignored density in their studies to date. This can be
attributed to the less significance of density toward the thermal performance of ILs-based
nanofluids, less temperature dependency, and also the accurate prediction capabilities of
some well-established rules for mixtures of ILs-based nanofluids’ density. Xie et al. [47]
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studied the density variation of the aqueous solution of the [C2mim][DEP] along with
multi-wall carbon nanotubes [MWCNTs]. Paul et al. [84] and Chereches et al. [85] also
experimentally studied the density of ILs-based nanofluids for [C4mpyrr][NTf2] and
[C2mim][CH3SO3] ILs and Al2O3 nanoparticles, respectively. It is worth mentioning
that the density of the ILs-based nanofluids were higher than the pure ILs because of the
higher density of MWCNTs and Al2O3 nanoparticles when compared to base ILs. More-
over, from Figure 4, it can be seen that the density of the ILs-based nanofluids decrease
with increasing temperature, regardless of the nanoparticle concentration. The effect of
single-wall carbon nanotubes (SWCNTs) on the density of aqueous [C2mim][DEP] were
numerically studied by Li et al. [62]. Although the authors reported the same trend in
density for SWCNTs as MWCNTs, but interestingly in case of SWCNT, the ILs density was
less than the MWCNT dispersed ILs, even at higher concentration of the SWCNT.

The effect of ruthenium (Ru) nanoparticles on the density of ILs having 1-Butyl-
3-methyl imidazolium cation [C4mim]+ within a temperature range of 20 ◦C to 70 ◦C
was experimentally studied by Patil et al. [86]. The experimental data showed a gradual
reduction of the densities of the ILs-based nanofluids while temperature increased. On
the contrary, unusual reduction of densities were reported with small increment of the Ru
nanoparticles concentration. Liu et al. [64] studied graphene (GE)-dispersed nanofluids
based on the [C4mim][BF4] for a wide range of the working temperature. The authors
claimed that the density of the ILs decreases with the increase in the temperature and
mass fraction of GE. This tendency can be explained by the lower density of GE when
compared to the base ILs. Similar behavior in density variation was also reported by
Shevelyova et al. [51] for the nanofluids comprised of [C4mim][BF4], [C4mim][PF6] ILs
and MWCNTs.
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3.2. Specific Heat

One of the major applications of ILs in solar collectors is to store and transport
thermal energy. Therefore, to ensure the effective use of ILs-based nanofluids in such
applications, an in depth understanding of the specific heat of the ILs and also the effects
of the nanoparticles on the base fluid’s specific heat is desired. To date, numerous research
works have been performed to address the characteristics of the specific heat of ILs-based
nanofluids. For example, Zhang et al. [52] experimentally studied the [C4mim][BF4]-
based ILs along with the graphite nanoparticles (GNPs), single-wall carbon nanotubes
(SWCNTs), and graphene (GE). The authors considered two different concentrations of
all nanoparticles, such as 0.005 and 0.01 wt%, and conducted an experiment within a
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temperature range of 30 ◦C–150 ◦C. From Figure 5, it can be observed that specific heat of
the ILs-based nanofluids containing the carbon nanomaterials is lower than that of the base
liquid at any specific temperature. Although the underlying mechanism of this behavior
is not yet fully explained/understood, the authors mainly identified the lower specific
heat of the bulk carbon material compared to the pure ILs at the room temperature as the
probable reason of this behavior. Additionally, from Figure 5, it can also be seen that the
reduction in specific heat of GNPs-dispersed ILs is much lower than the SWCNTS and
GE-dispersed ILs. This can be attributed to the fact that the zero-dimensional GNPs have
higher thermal energy density than the two-dimensional GE and the one-dimensional
SWCNTs. The gradual increment in specific heat is evident for all ILs-based nanofluids
with temperature increment from 30 ◦C to 140 ◦C. Interestingly, due to the phase transition
behavior of the ILs at temperatures above 140 ◦C, a slight decline in specific heat of the
ILs-based nanofluids was reported.
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Experimental investigation of the specific heat of the composition of graphene (GE)
and [HMIM][BF4] was conducted by Liu et al. [50] for two different concentrations of GE
(0.03 and 0.06 wt%) as well as for a wide temperature range of 25 ◦C to 215 ◦C. The specific
heat showed a sinusoidal behavior with the temperature’s increment regardless of the
mass fraction of nanoparticles as shown in Figure 6. It can also be seen that for higher
concentrations of GE, the specific heat reduced significantly compared to the base fluid.
The specific heat of the ILs-based nanofluids containing 0.03 and 0.06 wt% GE decreased
by approximately 1.5% and 3%, respectively, at each tested temperature compared with
the base ILs. Similarly, Wang et al. [53] reported 0.93% reduction of specific heat at 20 ◦C,
and 1.14% reduction at 80 ◦C for the 0.03% loading of GE in [C6im][BF4] compared to the
base ILs. Moreover, the authors claimed that the specific heat of the MWCNTs-dispersed
ILs-based nanofluids was higher than that of the GE-dispersed IL at the same concentration,
and for all considered temperature ranges as shown in Figure 7.
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Recently, Chen et al. [54] experimentally studied the thermophysical properties of
the SiC enhanced [C6mim][BF4] ILs for three different concentrations of SiC within a
temperature range of 0–80 ◦C. The authors reported the opposite behavior of the specific
heat than the previous authors [50,53]. The results depicted an almost linear increment
in specific heat, with temperature behaving independently of the weight % of the SiC,
and it was seen that the addition of SiC nanoparticles enhanced the specific heat of base
fluids. For example, a maximum 5% enhancement of specific heat was observed for
0.06 wt% SiC ionanofluids at 25 ◦C compared with the base fluid. This could be explained
by the comparatively higher specific heat of the SiC nanoparticles than the usualcarbon-
based additives.

Specific heat capacity of ILs-based nanofluids comprised of [C4mim][PF6] and MWCTs
as a function of temperature and concentration was studied by Castro et al. [55]. The author
found that that the enhancement ratio of MWCNT-ionanofluids is more than 1, from
room temperature to 115 ◦C. Moreover, regardless of the weight % of the MWCNTs, the
enhancement ratio reached a peak value at a certain temperature range of 60–110 ◦C. The
authors did not provide a reason to explain this unusual result.



Processes 2021, 9, 858 15 of 35

Paul et al. [56] studied the effects of Al2O3 nanoparticles on the specific heat of
the [C4mim][NTf2] and [C4mpyrr][NTf2] ILs. For both ILs-based nanofluids, the authors
considered 1 wt% of nanoparticle. The results illustrated that, for both ILs-based nanofluids,
the enhancement ratio was more than 1 within the experimental temperature range. In case
of [C4mim][NTf2] IL, a sharp increase in the specific heat ratio was evident (see Figure 8)
at temperatures of less than 50 ◦C. Afterwards, the enhancement ratio remains almost
constant within a wide temperature range of 70–220 ◦C, and finally, a gradual reduction
was reported at higher temperatures. However, for [C4mpyrr][NTf2] IL, the enhancement
ratio reached a peak value of 1.264 at 75 ◦C, followed by an almost linear reduction with
temperature. Moreover, from the Figure 8, it can be seen that for almost all the temperature
range, the specific heat enhancement ratio of the [C4mim][NTf2] based nanofluids was
higher compared to the [C4mpyrr][NTf2] based nanofluids. The authors also concluded
that theoretical model always under-predicted the enhancement ratio of nanoparticle-
enhanced ILs. Using a group method data handling technique, Sadi [87] reported similar
behavior in specific heat of ILs-based nanofluids comprised of Al2O3 nanoparticles and
[C4mim][NTf2] ILs.
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The effects of MWCNT, boron nitride (BN), and graphite (G) nanoparticles and their
concentrations on the specific heat of different ILs such as [C4C1Im][Dca], [C4C1Pyrr][NTf2],
and [C6C1Im][PF6] were experimentally studied by Oster et al. [57] at a constant pressure of
0.1 MPa. Oster et al. [57] studied the heat capacity of ILs-based nanofluids with MWCNTs,
boron nitride (BN), and graphite nanoparticles, and found that a maximum of 12–28%
enhancement in specific heat was achieved for graphite nanoparticles, whereas a minimum
of a 5–13% increment was reported for the MWCNTs. This behavior can be attributed to
the size, shape, surface area of the nanoparticle, and to the generated interfacial nanolayers
of nanoparticles with the ILs molecules. Moreover, the authors also concluded that the
enhancement of the specific heat primarily depended on the nanoparticle itself rather than
ionic liquid type.

3.3. Thermal Conductivity

Recently, ionic liquids and their composition with nanoparticles (ILs-based nanoflu-
ids) have attained great attention from the heat transfer community as potential HTFs,
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especially for solar energy system such as concentrating solar power (CSP). Therefore,
characterization of thermal conductivity plays a crucial role to determine the viability of
ILs-based nanofluids as HTFs.

The effect of surface state or the size of gold nanoparticles (Au NPs), as well as
dispersion conditions on the thermal conductivity of [C4mim][PF6] nanofluids, were exper-
imentally studied by Wang et al. [58]. The authors considered a constant volume fraction
(0.00102 vol.%) of the nanoparticle for all sizes of the Au NPs, and for all of the temperature
range (33 to 81 ◦C). The author found that at low temperature (33 ◦C), the enhancement
of the thermal conductivity is very minimal. However, at higher temperature (43 ◦C
and 70 ◦C), a larger enhancement in thermal conductivity was reported. Interestingly,
the authors observed a peak enhancement in the thermal conductivity at 18.4 nm. To
explain this behavior, the authors considered that the phenomenon may be related to
the synergistic effect of clustering and Brownian motion as a result of dispersion condi-
tion. Micro-convection caused by Brownian motion and interface thermal resistance was
also considered by the authors. Moreover, at higher temperatures (81 ◦C), the enhance-
ment ratio showed an inverse behavior with the particle size, which indicated that the
micro-convection induced by Brownian motion begins to play a dominant role in the heat
transport processes at higher temperature.

The effect of volumetric fractions of Au NPs along with 5 mM of CTABr stabilizer
as a function of temperature for the [C4mim][PF6] ILs was also studied by the same
group [59]. The author found that at low temperature (<53 ◦C), the enhancement of
thermal conductivity was very negligible regardless of the Au NPs concentration. On the
contrary, a very sharp increment was evident at high temperatures (>60 ◦C), exhibiting
a non-linear increment with temperature. A maximum of 13.1% increment in thermal
conductivity was evident for a volumetric concentration of 1.02 × 10−3% Au NPs. This
phenomenon could be attributed to reduced viscosity of the nanofluids which accelerate
the Brownian motion of the Au NPs, which eventually increases the micro-convection and
consequently enhances thermal transport capabilities of the ILs-based nanofluids at high
temperatures and concentrations of the nanoparticle.

Fox et al. [60] investigated the effect of the shape of alumina nanoparticles as well as
various carbonaceous materials, such as stacked graphene nanofiber (SGNF), MWCNTs,
and SWCNTs on the thermal conductivity of the [C4mmim][TNf2] ILs-based nanofluids as
a function of temperature. From Figure 9, we can observe that for the base ILs, tempera-
ture had very negligible effect on the thermal conductivity, and had a constant value of
~0.126 W·m−1·K−1 which is ~22% lower than the water. From the figure it can also be seen
that only MWCNTs and both shape of the alumina nanoparticle exhibited enhancement
in thermal conductivity, whereas SGNF and SWCNTs showed opposite effect. At low
temperatures (<30 ◦C), MWCNTs depicted a maximum 4% increment in thermal conduc-
tivity and afterwards decreased drastically with temperature. Similar behavior was also
observed in case of SWCNT. Moreover, at relatively higher temperatures (>45 ◦C), whisker
Al2O3 nanoparticle showed significant increment in thermal conductivity of ILs-based
nanofluids than MWCNTs. It is worth noting that the shape of the alumina nanomaterial
has a significant effect on the thermal conductivity with temperature, but the effect is much
more dramatic for the whisker-shaped nanoparticles. Although the authors did not pro-
vide the clear mechanism for enhanced thermal conductivity of ILs-based nanofluids, they
did identify Brownian motion of the nanoparticles, liquid stacking at the particle/liquid
interface, inherent means of heat transport within the nanoparticles, nanoparticle clus-
tering, and particle surface chemistry as the possible reason of the specific trend of the
thermal conductivity.
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Nieto de Castro et al. [61] experimentally investigated the thermal conductivity of ILs-based
nanofluids prepared by dispersing 0.01 wt% of MWCNTs into [C6mim][BF4], [C4mim][PF6],
[C6mim][PF6], [C4mim][CF3SO3], and [C4mpyrr][(CF3SO2)2N] ILs for a wide range of tempera-
tures (20–80 ◦C) and at a constant pressure of 0.1 MPa. From Figure 10, it can be seen that most
of the ILs-based nanofluids exhibited negligible dependency on temperature variation. For ex-
ample, a ~3.4%, 1.8%, and 5% increment in thermal conductivity was reported for [C4mim][PF6],
[C6mim][PF6], and [C4mpyrr][(CF3SO2)2N] ILs, respectively, for the whole temperature range.
However, nanofluids based on [C6mim][BF4] and [C4mim]-[CF3SO3] showed a temperature
dependent enhancement in thermal conductivity, and a maximum increment of ~9% and 7%
were claimed by the authors at a temperature of 80 ◦C. From the figure, it can also be seen that
nanofluids containing [PF6]-based ILs have the smallest enhancement in thermal conductivity,
while nanofluids based on [C6mim][BF4] have the largest enhancement. The authors claimed
that the particle surface chemistry and the structure of the interphase nanoparticle/fluid were
responsible for the enhancement in thermal conductivity of the ILs-based nanofluids.

Figure 11 depicts the effect of concentration of the GE and MWCNTs nanoparticle
on the thermal conductivity of [C6mim][BF4] ILs as a function of temperature, as studied
by Wang et al. [53]. Linear increment in thermal conductivity with temperature of both
base ILs and their nanofluids was evident. From the figure, it can also be seen that for
both ILs-based nanofluids, thermal conductivity increased with the mass fraction of the
nanoparticle at any specific temperature. This is because of the higher thermal conductivity
of the nanoparticles compared to the base fluid. The authors also revealed that at the same
concentration of nanoparticles, the thermal conductivity of the GE-dispersed IL was higher
than the thermal conductivity of the MWCNTs-dispersed IL. This could be attributed to the
extraordinary high thermal conductivity of GE and Brownian motion of nanoparticles at the
molecular and nanoscale levels. The reported maximum increment in thermal conductivity
of GE and MWCNT based ILs were18.6% and 13.2%, respectively.
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Figure 11. Effect of Graphene and MWCNT concentration on the thermal conductivity of
[C6mim][BF4] IL [53]. Reproduced with permission from F Wang, Nanoscale research letters; pub-
lished by [Springer], 2012.

Thermal conductivity of four different ILs-based nanofluids, comprised of [C4mim][NTf2],
[C4mmim][NTf2], [C4mpyrr][NTf2], and [N4111][NTf2] ILs and Al2O3 nanoparticles as a func-
tion of dispersion concentration, were experimentally studied by Paul et al. [62]. The authors
considered three different weight percentages of the nanoparticles (0.5, 1.0, and 2.5%) and
conducted experiments for a wide range of temperatures. Figure 12 depicts the enhancement
of thermal conductivity for ILs-based nanofluids as a function of temperature. The authors
reported a maximum 9% increment in the thermal conductivity for [C4mmim][NTf2], as well
as for the highest concentration of the Al2O3 nanoparticle along with a weak temperature
dependency. They predicted possible mechanisms of thermal conductivity and enhancement
of traditional nanofluids to be the Brownian motion of nanoparticles, the nature of heat trans-
port to the nanoparticles [88], interfacial layer thickness [76,89], and the effect of nanoparticle
clustering [90]. The same group studied the effect of the shape (spherical and whiskers)
of Al2O3 nanoparticle dispersed in [C4mpyrr][NTf2] ILs as a function of concentration and
temperature [84]. Regardless of the concentration and temperature, higher thermal conduc-
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tivity was observed for whiskers nanoparticles when compared to spherical. For example, a
maximum ~11% and ~14% enhancement in thermal conductivity was observed for 2.5 wt%
of spherical and whiskers ILs-based nanofluids, respectively, at 70 ◦C. The authors identified
the higher aspect ratio of the whiskers shaped nanoparticle compared to the spherical shaped
nanoparticles as a plausible reason along with other thermal conductivity enhancement
mechanism as stated earlier.
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Franca et al. [63] reported the thermal conductivity behavior of four different nanoflu-
ids based on [C2mim][SCN], [C4mim][SCN], [C2mim][C(CN)3], and [C4mim][C(CN)3],
with 0.5 and 1% mass fraction of MWCNTs and compared the results with the base fluid at
pressure 0.1 MPa and in the temperature range of 20–70 ◦C. From Figures 13 and 14, it can
be seen that at higher temperatures, the thermal conductivity of C2mim+ ionanofluids is
higher than the thermal conductivity of C4mim+ ionanofluids regardless of the concentra-
tion. Proportional enhancement in thermal conductivity was evident for [C2mim][SCN],
and [C4mim][SCN] ionanofluids (see Figure 13) while non-linear increment in thermal con-
ductivity was reported with temperature. The authors reported a maximum 32.3 and 18.7%
increment in thermal conductivity for 1 w/w% of MWCNTs-enhanced [C2mim][SCN], and
[C4mim][SCN] ILs, respectively. Similar behavior was evident for [C2mim][C(CN)3], and
[C4mim][C(CN)3] ionanofluids, respectively, within a temperature range of 20–57 ◦C. How-
ever, at higher temperatures (>57 ◦C), the enhancement in thermal conductivity exhibited
a negative slope.

To increase the dispersion stability of the GE nanoparticle in [C6mim][BF4] IL, Liu et al. [64]
modified the GE nanoparticle using SOCl2 reagent and studied the thermophysical properties
of the modified GE (MGE) and [C6mim][BF4] mixtures for a wide range of temperatures
(20–145 ◦C). The authors considered three different concentrations of MGE, 0.01, 0.03, and
0.05 wt%, and compared their thermal conductivity with pure [C6mim][BF4] and 0.01 wt% of
GE/[C6mim][BF4] mixture. In the case of MGE/[C6mim][BF4] mixture, a significant increment
in thermal conductivity was evident within the whole temperature range. For example, in
case of 0.01 and 0.05 wt% dispersion of MGE, the thermal conductivity of [C6mim][BF4]
increased by ~5 and 10%, respectively. However, for the 0.01% GE/[C6mim][BF4] mixture, the
thermal conductivity increased by 6.2% which was slightly higher than the thermal conductivity
enhanced using 0.01 wt% of MGE. This is because of the grafting of the molecular chain on the
surfaces of the nanosheets.
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from [França], [Ind. Eng. Chem. Res.]; published by [ACS], 2018.

The effects of functionalized multi-wall carbon nanotube (F-MWCNTs) and pris-
tine multi-wall carbon nanotube (P-MWCNTs) along with CATB on the thermal con-
ductivity of [C4mim][PF6] IL were studied by Wang et al. [65] as a function of concen-
tration and for a temperature range of 25–45 ◦C. At low temperatures (25 and 35 ◦C),
F-MWCNTs/[C4mim][PF6] ionanofluid showed a constant value (~1) of the thermal con-
ductivity ratio, regardless of the concentration of the nanoparticle, since base liquid dom-



Processes 2021, 9, 858 21 of 35

inates the thermal conduction of the ionanofluid at low temperatures. It was also seen
that at 35 ◦C, the thermal conductivity ratio was less than 25 ◦C, because of the tiny mi-
crostructure variation of MWCNTs. Moreover, at 45 ◦C and 50 ◦C, the thermal conductivity
ratio reached a peak value at a concentration of ~0.1 wt% which could be attributed to the
topologically connected network of F-MWCNTs. The authors referred this concentration as
percolation concentration. However, after the percolation concentration, aggregation of the
F-MWCNTs reduced the conductivity ratio. In case of P-MWCNTs, the ratio of thermal
conductivity showed a similar trend as F-MWCNTs at lower concentrations (0.2 wt%),
except highest enhancement in thermal conductivity, was achieved at 45 ◦C instead of
50 ◦C. It is worth mentioning that after a concentration of 0.2 wt%, thermal conductivity
ratio increased almost linearly with the increase of concentration of P-MWCNTs.

3.4. Viscosity

Since high viscous fluids require high pumping power, in the case of choosing an
appropriate HTF, viscosity plays a detrimental role. To date, numerous experimental and
numerical studies have been performed to characterize the viscosity of different ILs and
ILs-based nanofluids. For example, Chen et al. [54] studied the viscous properties of pure
[C6mim][BF4] and SiC dispersed ILs as a function SiC nanoparticles concentration within a
temperature range of 25–65 ◦C. From Figure 15, it can be clearly observed that the viscosity
of ILs and all considered ILs-based nanofluids decreases non-linearly as temperature
increases. Previous studies also demonstrated the similar behavior of viscosity with
temperature [91,92]. Moreover, the viscosity of ILs-based nanofluids increased with the
SiC loading for the whole temperature range, which can be attributed to the nanoparticles’
aggregation. For example, in the case of 0.06 wt% of SiC loaded IL, the viscosity increased
by nearly 15.6% at 25 ◦C. A similar effect of nanoparticles loading on viscosity of ILs was
also reported by Saidur et al. and Zyla et al. [93,94].
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A detailed analysis of the viscous properties of nanoparticle-enhanced [C4mmim][NTf2]
IL was performed by Fox et al. [60]. The authors considered ten different nanoparticles, SiO2,
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whiskers Al2O3, spherical Al2O3, Au, ZnO, CuO, Fe2O3, SGNF, MWCNTs, and carbob back
(CB), and compared their relative effects on the viscosity of the base ILs at 25 ◦C and at
0.5 wt%, loading of all nanoparticles. Negligible increment (<6%) in viscosity was recorded
for all considered nanoparticles, except for MWCNTs and CB. A maximum ~10.44% increment
in viscosity was recorded for MWCNTs-enhanced ILs, whereas for CB, viscosity increased by
~50.6% compared to pure IL. The authors identified a high pore volume and surface area of
CB nanoparticles as a possible reason for the viscosity’s increment. The effect of the loading
% of the spherical Al2O3 nanoparticle was also studied by the same group for a wide range
of temperatures (25–300 ◦C). A negligible effect, 0.5% loading of the nanoparticle, is evident
for all considered temperature ranges. Conversely, in the case of 2.5% loading of the Al2O3,
a significant increment in viscosity was recorded at lower temperatures (see Figure 16). For
example, at 2.5 wt% of the Al2O3 nanoparticle, a ~40% increment in viscosity is evident
compared to 0.5 wt% and pure IL at 25 ◦C. Interestingly at higher temperatures (300 ◦C),
the nanoparticle-enhanced IL showed almost the same viscosity as pure IL regardless of the
nanoparticle concentration.
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Wang et al. [53] experimentally studied the viscosity of GE and MWCNTs-dispersed
[C6mim][BF4] IL as a function of nanoparticle concentration and temperature. From
Figure 17, it can be seen that for all considered ionanofluids, viscosity reduces dramatically
as temperature increases. The authors also reported significant reduction of viscosity
of GE and MWCNTs in dispersed ionanofluids, especially at low temperature. In the
case of 0.03 wt% of MWCNTs and at 25 ◦C, viscosity reduced by ~23% compared to the
[C6mim][BF4], whereas ~12% reduction in viscosity is evident for 0.03 wt% of GE at same
temperature. This behavior of viscosity could be attributed to the self-lubrication of GE
and MWCNTs. On the contrary, at high temperature, all ionanofluids showed almost same
viscosity as pure [C6mim][BF4] regardless of the nanoparticle types and concentration.
Unfortunately, the authors could not identify the mechanism of the viscosity at high
temperatures but their findings were also similar to Fox et al. [60].
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Figure 17. Effect of GE and MWCNTs nanoparticle on the viscosity of [C6mim][BF4] as a function of
temperature[53]. Reproduced with permission from F Wang, Nanoscale research letters; published
by [Springer], 2012.

Non-Newtonian shear thinning effect of [(C6)3PC14)][Phosph] and [(C6)3PC14)][NTf2]
as a function of temperature and shear rate were reported by Ferreira et al. [66]. The
authors attributed this to the breaking and disruption of the nanoparticle aggregation
as a possible reason of the shear thinning effect at higher shear rates. Since intermolec-
ular interactions including H-bonding, dispersive and coulombic interactions reduces
at elevated temperatures, shear thinning effects shifted to lower shear rates. Moreover,
viscosity of the [(C6)3PC14)][Phosph] IL was decreased by ~82% by adding only 0.1 wt% of
MWCNT at room temperature. On the contrary, in the case of [(C6)3PC14)][NTf2] IL, the
viscosity reduction was much smaller when compared to [(C6)3PC14)][Phosph]. This could
be attributed to the strong interaction between phosphinate anion and the CNTs surface.
Similar conclusions were also drawn by Wang et al. [95] for [C12C12im] ILs.

The rheological behavior and shear viscosity of F-MWCNTs-enhanced [C4mim][PF6]
ILs was studied by Wang et al. [67] at different nanoparticle concentrations. At low
concentrations of F-MWCNTs (≤0.04 wt%), shear thinning effect was evident at a lower
shear rate (≤1 s−1) while ionanofluids exhibited the behavior of Newtonian liquids at a
high shear rate. A similar shear thinning effect was also reported by Neo et al. [68] for
F-MWCNT enhanced PMII ionic liquids. However, at higher loading concentration of
F-MWCNTs (~0.06–0.1 wt%), an enhanced shear thinning effect was evident in a wide
shear rate range compared to lower concentrations of nanoparticles. This can be attributed
to the transient network which was formed through nanotube–nanotube and nanotube–
matrix interactions at higher concentrations. The shear thinning behavior also reported by
Paul et al. [49] where viscosity decreases with the shear rate and shear thinning behavior,
is more significant for higher concentrations of nanoparticles (see Figure 18).
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Figure 18. Rheological behavior of [C4mim][NTf2] ILs and Al2O3 nanoparticles enhanced nanofluids
at 25 ◦C [49]. Reproduced with permission from [Paul], [Int. J. Heat Mass Transf.]; published by
[Elsevier], 2015.

Paul et al. [84] experimentally studied the effect of temperature, concentration,
and shape of Al2O3 nanoparticles on the shear viscosity of [C4mpyrr][NTf2] ILs. The
authors considered two different shapes for the nanoparticles, spherical and whiskers.
From Figure 19a,b, it can be observed that the shear viscosity of ionanofluids increased
significantly compared to base IL at room temperature, and this tendency increased
with the concentration of the nanoparticles. Following this, the viscosity of all consid-
ered ionanofluids reduced non-linearly with temperature, and at elevated temperatures
(>77 ◦C), a negligible effect of nanoparticle shape and concentration was recorded.
Moreover, spherical shaped nanoparticles exhibited higher viscosity compared to the
whiskers shaped nanoparticle at any particular nanoparticle concentration and temper-
ature. For example, at room temperature and 2.5 wt% of Al2O3 nanoparticle loading,
spherical shaped nanoparticles showed a viscosity value of ~400 cP, while whiskers
shaped nanoparticle showed a viscosity of ~350 cP. The authors claimed a bigger clus-
ter diameter of the spherical particles compared to whiskers particle cluster diameter
as the possible reason of the higher viscosity of spherical shaped nanoparticles as
discussed by Fox et al. [60].
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4. Overall Comparison of Thermophysical Properties

As discussed in Section 3, different ILs and ILs-based nanofluids combinations come
with their own advantages and disadvantages. For example, ionanofluids may have
significantly higher thermal conductivity but suffer from notably high viscosity/pumping
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power. Moreover, the selection of ILs-based nanofluids depends on the application specific
operating conditions, such as temperature, pressure, available pumping capacity, heat
source quality, etc. In order to guide readers to select appropriate ionanofluids, the three
best ILs and nanofluids combinations for individual properties have been summarized
in Table 8. It is worth noting that researchers studied very large combinations of ILs and
ILs-based nanofluids under numerous operating conditions, i.e., temperature, nanofluid
concentrations, etc. It is next to impossible to compare the thermophysical properties of
ILs-based nanofluid under any common constraints. Therefore, we have selected the three
best ILs-based nanofluids regardless of the operating conditions. For example, in case of
density and viscosity, the three lowest reported combinations have been selected from the
literature. On the contrary, in case of thermal conductivity and specific heat, the three
highest reported values have been summarized. Highlighted properties in the Table 8 are
considered as the best combination of thermophysical properties of ILs-based nanofluids.

Table 8. Summary of thermophysical properties of ILs-based nanofluids.

Property IL-Based Nanofluids Temperature Range
(◦C) Ref.
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5. Thermal Performance of Ionic Liquids-Based Nanofluids

ILs-based nanofluids are mainly proposed for direct solar collector and concentrated
solar collector as HTFs because of their higher thermal stability compared to other HTFs.
Therefore, it is crucial to characterize the thermal performance of different ILs-based
nanofluids to further enhance their effectiveness as HTFs to meet the ever-growing global
energy demands. Unfortunately, very few studies have been done to characterize the
thermal performance of the ILs-based nanofluids for both natural and forced convections.

5.1. Natural Convection

To date, very few studies of natural convection of ILs-based nanofluids have been
reported [84,96,97]. For example, Paul et al. [84] experimentally studied the natural con-
vection heat transfer characteristics of base [C4mpyrr][NTf2] ILs and ILs-based Al2O3
nanofluids. Figure 20 shows the schematic of their used natural convection experimental
setup and corresponding experimental conditions of their investigations.
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Figure 20. Schematic of experimental cavity [84]. Reproduced with permission from [Paul], [Int. J.
Heat Mass Transf.]; published by [Elsevier], 2015.

Figure 21 shows the natural convection behavior of the ILs-based nanofluids con-
taining spherical Al2O3 nanoparticles. From the figure, it is evident that the ILs based
nanofluids have a lower Nusselt number (Nu) compared to the base ILs, and at any
Rayleigh number (Ra), Nu decreases with nanoparticle concentration. The authors stated
that the degradation of heat transfer mostly came from the enhanced viscosity of ILs-based
nanofluids. Agglomeration and sedimentation of nanoparticles may play a role in creating
extra resistance, and hence, reduce the Nu of ILs-based nanofluids compared to base ILs.
Paul el al. [96] also performed a numerical investigation of ILs-based nanofluids (Al2O3
nanoparticles and [C4mpyrr][NTf2] ILs) in bottom wall heated enclosures. The authors
found a poor heat transfer behavior of ILs-based nanofluids compared to the base ILs, but
the degradation percentages were not same as in the experimental study. This is because
nanoparticle sedimentation was not considered in the numerical study.

Alina et al. [97] conducted a numerical investigation to evaluate the natural convection
of [C4mim][NTf2] ILs with the addition of small volume concentrations of Al2O3 nanopar-
ticles. A square enclosure considering two heating situations; bottom heating and lateral
heating of the enclosure, were used as a computational domain. The authors compared
their results of ILs-based nanofluids with conventional water-based nanofluids and found
that a low concentration of ILs-based nanofluids provide superior thermal performance
when compared to the water-based nanofluids, however, at higher volume concentrations,
ILs provided lower Nu compared to the water-based nanofluids. Moreover, the authors
also proposed two correlations for Nu as a function of both Ra and φ, for the two studied
cases, in the range of 104 ≤ Ra ≤ 106 and 0% ≤ φ ≤ 2.5%, as shown below:

Hot element at the bottom wall:

Nu = 81.663 φ + 0.555(Ra− 4614.793)0.226 − 3710.366 φ2 (2)

Hot element at the left wall:

Nu = 116.173 φ + 0.484Ra0.245 − 5001.894 φ2 (3)
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Figure 21. Natural convection heat transfer behavior of [C4mpyrr][NTF2]IL and ILs-based nanoflu-
ids [84]. Reproduced with permission from [Paul], [Int. J. Heat Mass Transf.]; published by [Else-
vier], 2015.

5.2. Forced Convection

To the best of the author’s knowledge, to date there has only been one experimental
study of forced convection for ILs-based nanofluids, conducted by Paul el al. [49]. Figure 22
represents the schematic of the experimental setup, which consists of a pump, test section,
heat exchanger, collection tank, and pressure transducer. The inner and outer diameter of
the stainless-steel test sections were 3.86 and 6.35 mm, respectively.
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Figure 23 represents the heat transfer coefficient enhancement of ILs base nanofluid
over the base ILs as a function of Reynolds number (Re). It is clear from the figure that the
heat transfer coefficient increases with nanoparticle concentration and Re. The maximum
enhancement of heat transfer coefficient was 27% for laminar flow. The enhancement of
heat transfer coefficient was due to the higher thermal conductivity of ILs-based nanofluids
and ions to nanoparticles interaction.
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Paul et al. [98] conducted a numerical investigation of [C4mim][NTf2] ILs-based
nanofluids in a circular tube using Continuum and Eulerian based two-phase model.
ILs-based nanofluids were considered as a mixture averaged single fluid in the Contin-
uum model, however, the Eulerian based model emphasized the interaction between the
nanoparticles and the base fluid. The results indicated that the Eulerian model better pre-
dicts the experimental results compared to the Continuum model. Authors also proposed
an empirical model (Equation (4)) for the heat transfer behavior ILs-based nanofluids under
laminar flow conditions and compared this with the experimental results (see Figure 24).

NuNF = 30.768ϕ0.1135Re0.3378Pr−0.136(
d
x
)

0.3713
(4)

Chereches et al. [99] performed a numerical investigation of ILs-based nanofluids
comprised of [C4mpyrr][NTf2] and [C4mim][NTf2] ILs as well as Al2O3 nanoparticles.
The study was performed in laminar and turbulent flow regimes in a heated tube with
constant heat flux. The results showed that ILs-based nanofluids have a higher heat transfer
coefficient compared to the base ILs, and the thermal conductivity enhancement is one of
the driving factors for the enhanced thermal performance of ILs-based nanofluids. Finally,
the authors proposed a heat transfer correlation (see Equation. (5)) for ILs-based nanofluids
in a laminar flow regime.

Nu = 4.15Re0.09Pr0.195
(

1− ϕ− 200ϕ2
)

(5)
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Minea et al. [100] also performed another numerical investigation of forced convection
in a laminar flow region with several ILs and Al2O3, MWCNTs, and graphene nanoparticles,
and reported a 1.7–12.1% enhancement of heat transfer coefficients based on the type of
base ILs.
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6. Conclusions and Recommendations

This paper summarized the recent development of ionic liquids (ILs)-based nanofluids
as heat transfer fluids for solar thermal applications. The summaries are included the de-
tailed synthesis procedure, measurement techniques, theoretical and empirical correlation,
thermophysical properties (density, viscosity, thermal conductivity, and specific heat) and
thermal performance (natural and forced convection). The following conclusions can be
drawn from the extensive review of ILs-based nanofluids:

1. Only limited investigations of densities of ILs-based nanofluids exist. The density
of ILs-based nanofluids increases compared to base ILs, as it adds highly denser
nanoparticles in the base fluid. The density slightly decreases with an increase in
temperature.

2. Specific heat of ILs-based nanofluids shows scattered behavior with different nanopar-
ticles. Graphene and single walled carbon nanotubes (SWCNTs)-based nanofluids
show a lower specific heat compared to the base ILs. Multiwalled carbon nanotubes
(MWCNTs)-based nanofluids show detraction and enhancement in heat capacity. All
of the SiC and Al2O3 nanoparticles-based nanofluids studies reported enhancement
in heat capacity compared to base ILs. Enhancement in specific heat was explained
by the clustering of nanoparticles and interfacial layer of ILs into nanoparticles.
However, there is no clear explanation for the scattered behavior of specific heat of
ILs-based nanofluids.

3. Extensive experimental investigation of the heat capacity of ILs-based nanofluids is
required to better understand the detraction or enhancement in behavior of specific
heat, since specific heat is one of the most important thermophysical properties for
any heat storage medium.
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4. All of the studies showed enhancement in the thermal conductivity of ILs-based
nanofluids compared to base ILs, and thermal conductivity increased with nanopar-
ticle concentrations. Enhancement in thermal conductivity was explained by the
interfacial layer of base ILs into the nanoparticles, and interaction between ions and
nanoparticles. However, extensive studies are required to explain the phenomenon of
enhanced thermal conductivity of ILs-based nanofluids.

5. All of the studies report shear thinning behavior of ILs-based nanofluids. Graphene
and multiwalled carbon nanotubes (MWCNTs) show lower viscosity of ILs-based
nanofluids compared to the base ILs. SiC and Al2O3 nanoparticles shows much
higher viscosity of nanofluids compared to the base fluid and viscosity increases
with nanoparticles concentrations. Although ILs-based nanofluids show enhanced
viscosity compared to the based fluid, at high temperatures (≥300 ◦C) the viscosity of
base ILs and ILs-based nanofluids are very low, which is beneficial as a heat transfer
fluid. Enhancement in viscosity can be explained by clustering and agglomeration
of nanoparticles in the ILs-based nanofluids, and those were evident with optical
microscopic image and dynamic light scattering (DLS).

6. Natural convection (bottom plate heated condition) of ILs-based nanofluids shows
lower heat transfer performance compared to the base ILs, because of higher vis-
cosity and possible sedimentation of nanoparticles. However, for sidewise heating,
lower concentrations of ILs-based nanofluids show a higher heat transfer coefficient
compared to water-based nanofluids.

7. ILs-based nanofluids show an enhanced heat transfer coefficient in forced convection
in experimental and numerical studies, and heat transfer coefficient increases with
nanoparticles concentrations. One possible reason for the enhanced thermal perfor-
mance of ILs-based nanofluids is high thermal conductivity, nanoparticles migration,
and interactions between ion and nanoparticles. However, rigorous experimental
and numerical studies are needed to explain the exact mechanism of heat transfer
coefficient enhancement in ILs-based nanofluids.

7. Future Directions

1. Experimental measurements, empirical correlations, and conventional numerical tech-
niques are often insufficient to explain the effect of nanoparticles on base ionic liquids.
Therefore, first-principle methods, such as density functional theory (DFT) or molecu-
lar dynamics (MD) simulation tools, can be used to accurately characterize the effect
of nanoparticles size, shape, and concentration on ILs-based nanofluids properties.

2. Machine learning based artificial intelligence can be utilized to characterize thermo-
physical properties and the thermal performance of new ILs-based nanofluids with
minimal computational cost. However, machine learning tools need to be chosen
wisely based on the available training data and computational resources. Molecular
dynamics simulation results can be fed as training and validation data set in the
machine learning/deep learning model.

3. Thermophysical properties and thermal performance of ILs-based nanofluids need to
be characterized at the appropriate operating conditions, i.e., high temperature of a
solar thermal power plant.

4. Overall thermal performance of ILs-based nanofluids need to be experimentally bench-
marked for full-scale solar thermal power systems considering different geographical
locations around the globe.
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Nomenclature

k Thermal conductivity [W/m·K]
cp Heat capacity [J/g·K]
D Fractal index [~]
h Interfacial layer thickness [nm]
a Average radius [nm]
Nu Nusselt number [~]
Ra Rayleigh number [~]
Pr Prandtl number [~]
d diameter [m]
x axial distance [m]
Greek Symbols
γ, γ1 Constant [~]
ρ Density [kg/m3]
µ Dynamic viscosity [centipoise]
φ Nanoparticle volume fraction [~]
φa Effective volume fraction of aggregates [~]
Subscripts
INF Ionic liquids-based nanofluids
BL Base liquid
n Nanoparticle
a Aggregate
lr Interfacial layer
MWCNTs Multiwalled carbon nanotubes
SWCNTs Singlewalled carbon nanotubes
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