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Abstract: Ionic liquids have been suggested as new engineering fluids, specifically in the area of
heat transfer, and as alternatives to current biphenyl and diphenyl oxide, alkylated aromatics and
dimethyl polysiloxane oils, which degrade above 200 °C, posing some environmental problems.
Addition of nanoparticles to produce stable dispersions/gels of ionic liquids has proved to increase
the thermal conductivity of the base ionic liquid, potentially contributing to better efficiency of heat
transfer fluids. It is the purpose of this paper to analyze the prediction and estimation of the thermal
conductivity of ionic liquids and IoNanofluids as a function of temperature, using the molecular
theory of Bridgman and estimation methods previously developed for the base fluid. In addition,
we consider methods that emphasize the importance of the interfacial area IL-NM in modelling the
thermal conductivity enhancement. Results obtained show that it is not currently possible to predict
or estimate the thermal conductivity of ionic liquids with an uncertainty commensurate with the
best experimental values. The models of Maxwell and Hamilton are not capable of estimating the
thermal conductivity enhancement of IoNanofluids, and it is clear that the Murshed, Leong and Yang
model is not practical, if no additional information, either using imaging techniques at nanoscale or
molecular dynamics simulations, is available.
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1. Introduction

Ionic liquids appeared in the last two decades as one of the most promising categories
of fluids for chemistry, chemical engineering, and medical applications. Composed of
at least one cation and one anion, they are low temperature molten salts, capable of
crystalizing at temperatures below room temperature and maintaining thermal and kinetic
stability up to 550 K, restricted for most of them by their organic carbon content. From a
molecular point of view, they are very interesting liquids because most of the well-known
intra and intermolecular forces are present that, consequently, have a fundamental role in
the structure and properties of these low temperature ionic melts.

For chemical processing operations, like extraction, separation, fluid movement, heat
and mass transfer and reaction engineering, the properties of ionic liquids and of their
mixtures with molecular and associating solvents are needed to design and operate the
chemical plants. Additionally, their production at a reasonable price, needs optimization
and scaling up of current laboratory type synthesis.

Owing to the large number of existing cations and anions, the number of combinations
of them in ionic liquids is immense. To obtain the values of the thermophysical properties
necessary for optimal process design, such as density, heat capacity, viscosity, and thermal
conductivity, three alternatives exist: experimental measurements, predictive/estimation
methods, and molecular simulation [1-5]. Being “target oriented” or “duty oriented” mate-
rials, the evaluation of their properties needs not only experimental measurements (very
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limited and time consuming), but theoretical developments and computer simulation, in
order to develop sustainable and useful tools for project design, which we have carried
through for molecular liquids. These arguments pave the way to predictive/estimation
methods, a fundamental tool to be developed and incorporated in process design simula-
tors. With the current knowledge of molecular simulation techniques, the understanding
of ionic liquid structure and properties of ionic liquids and their mixtures is currently
progressing, making ionic liquids a fundamental class of liquids for study and use in the
next decades.

The concept of using dispersed nanomaterials (NM), particularly those that are carbon
based, in ionic liquids [6], termed IoNanofluids, opened, a decade ago, the potential to
use these nanofluids in several operations of heat transfer and storage, owing to the en-
hancement found in their thermal properties, especially their effective thermal conductivity.
In addition to the molecular/ionic interactions in ionic liquids, it became interesting to
study a new aspect, the interfacial area IL-NM, and its contribution to thermal conductivity
enhancement.

It is the purpose of this paper to analyze the methods of prediction and estimation of
the thermal conductivity of ionic liquids and IoNanofluids as a function of temperature. An
attempt is made to clarify the use and misuse of terms in the literature. The term prediction
has been widely used in the past to name methodologies that have totally different levels of
theoretical or empirical support, while estimation is also used indiscriminately for purely
based empirical schemes and for methods with some theoretical insight.

2. Concepts of Prediction and Estimation

The most recently available tool for the design of chemical process equipment and
the simulation of its control and operation make use of very many features of process
systems engineering implemented in extensive software codes that are closed to user
examination. The evaluation of the thermophysical properties of the materials involved
in the process are embedded within this software and are equally inaccessible. There is
therefore an increased need for engineers using these tools to be aware of the limitations of
the thermophysical data generated in this way. There is, equally an increased responsibility
upon the scientists who provide this information to be clear about its pedigree and its likely
reliability. Generally, such software packages offer choices between levels of sophistication
and supposed accuracy for the various means of generating the requisite thermophysical
property data which may include tables or correlations of experimental data, calculations
on the basis of molecular theory and entirely empirical estimation procedures with no
theoretical support. For the user a clear hierarchy for the nomenclature of all these processes
is an invaluable guide to their likely reliability [7]. Some time ago we provided such a
clear hierarchy of schemes for the generation of values for the transport properties of
fluids [8]. However, since that time new fluids, such as ionic liquids have become much
more common in the discourse around the chemical industry and that has been added
to by the addition of nanofluids generally and IoNanofluids in particular. The scientists
and engineers involved with these new materials have rather less familiarity with the
background and implementation of such a hierarchy and there is therefore a danger of
considerable confusion in both the literature and quality of schemes for the generation of
thermophysical property data for such systems. We therefore wish to repeat our suggestions
for a hierarchy in this new context.

First, we note that the reliance on accurate experimental data alone is not possible
owing to the sheer numbers of materials and their mixtures that it would be necessary
to study. Secondly, although it is perhaps desirable the application of rigorous molecular
theory with known intermolecular potentials to calculate properties from first principles
is possible only for systems no more complicated than methane gas in the dilute gaseous
state. If both of these statements were true of simple fluids, they are even more valid for
systems as complicated as ionic liquids and IoNanofluids. Certainly, in the latter case, as
an example, the current enormous scatter of experimental measurements of the thermal
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conductivity of such fluids means that even this route is dangerous. As a consequence,
all the alternative approaches we examined in our earlier work within the hierarchy are
more prominent.

These alternatives, have been the object of pragmatic developments in the past by
many authors, based on three basic approaches: approximate solutions of the fundamental
theoretical equations, heuristic extensions of the theory (Van der Waals model, free vol-
ume theory) or on totally empirical information. Included in the latter group are group
contribution methods, compiled in a series of excellent books, published since 1958 by
McGraw-Hill, the latest being Poling et al. 5th edition [7]. It is still today a very helpful
tool for all those that need, in the absence of accurate experimental data, to calculate the
properties of pure and mixed compounds.

In the interest of clarity with set out in Figure 1 the scheme that was first proposed by
Nieto Nieto de Castro and Wakeham [8] to characterize the pedigree of various schemes
of generation of thermophysical property using their reliance upon molecular theory as
the primary discriminant. This idea was further developed by Millat et al. [9], in chapter
3 of this reference. As a corollary, it has been demonstrated that the uncertainty of the
generated thermophysical property data increases as the procedure departs more from
a sound theoretical basis. The scheme relies entirely upon the correct interpretation of
prediction, estimation, and correlation which are often used interchangeably and incorrectly
in the literature. This is particularly true now in the field of ionic liquids whether they
contain nanoparticles or not and justifies repetition of the correct description of these terms,
established more than 30 years ago [8].

Classes of Property
Calculation

» Prediction

» Semi theoretical prediction

» Prediction methods and models
» Estimation

» Semi-theoretical estimation

» Approximate theoretical methods

» Semi-empirical estimation

» Empirical estimation

Theory

Figure 1. Scheme of methodology proposed by Nieto de Castro and Wakeham [8].

Prediction is defined as a scheme that has a rigorous theoretical framework and
which requires as input information only physically meaningful quantities derived from a
minimum set of accurate experiments or calculated from other fundamental sources. As
mentioned above, the most effective substitute for direct measurement of the transport
properties of fluids would be a complete, rigorous statistical-mechanical theory that en-
abled the calculation of the properties of the macroscopic ensemble of molecules from
a knowledge of molecular properties and of the forces between the molecules (or ions).
However, this approach is still limited to the calculation of the transport properties of
dilute gases of simple molecules and their mixtures, using the kinetic theory of gases
initiated by Boltzmann in 1872 and developed by Chapman-Enskog, with its extension
to polyatomic species [9,10]. It is important to note that the same theory allows consis-
tency tests between several transport properties and thereby the certification of state-of-art
measurement instruments.

We designate as semi-theoretical predictions a subset of predictive schemes where a
rigorous theory exists, which is devoid of approximations or contains approximations that
are well characterized. Such a theory may lead to relationships between properties that
enable one property that is hard to measure well from another for which is more easily
measured. On example is the Eucken Factor for dilute gas properties [4]. Alternatively,
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the same approach allows an approximation at a molecular level in the theory to make
calculations of properties tractable. The first example of this approach is the Mason and
Monchick theory of the thermal conductivity of polyatomic gases [11,12]. Two further
examples are afforded by the use of assumed intermolecular pair potential models for the
evaluation of dilute gas viscosity data for polar gases [13] or the first density coefficient of
viscosity and thermal conductivity of moderately dense non-polar gases [14-16].

When the rigor of theory is maintained, it is possible to develop less exact predictive
schemes, which have considerable utility, even for low density phases. These predictive
methods generally invoke a physical model of the interactions between the molecules
in the system (homo and heteronuclear) and are designated by prediction methods and
models. The best known of these schemes, departing the least from absolute rigor, is the
Extended Law of Corresponding States—ELCS, based on the dimensional analysis of the
Chapman-Enskog theory and its collision integrals, which considers that the spherical
intermolecular pair potentials for among the species can be rendered conformal by a
suitable choice of scaling parameters for energy € and distance ¢, developed by Kestin
and co-workers in the 60's [17], later extended to viscosity and binary diffusion of gaseous
mixtures [18]. A detailed analysis, including extensions to thermal conductivity and
viscosity of polyatomic gases, has been reported by Uribe and Mason [19]. The scheme can
be applied to mixtures, predicting binary diffusion coefficients from viscosity data, to the
viscosity of multicomponent gas mixtures, the thermal conductivity of multicomponent
monoatomic gas mixtures, to the binary diffusion of multicomponent gas mixtures and
other extensions to more complicated polyatomic molecules.

Estimation procedures are frequently thought of as those which are simply less ac-
curate than the type of methods discussed above. However, we would like to define
estimation in terms of the degree of departure from a sound theoretical basis, so that
it is then possible to distinguish a hierarchy of levels of procedure and, consequently,
identify our level of confidence in the scheme, with direct reflection in the uncertainty
of the estimation. In that case, we can have four levels of confidence, namely: semi-
theoretical estimation, approximate theoretical models, semi-empirical estimation, and
empirical estimation.

In semi-theoretical estimation, the theory is maintained but some parameters within
it have to be estimated without the benefit of accurate measurement. Self-evidently, the
property data generated in this way are less accurate than if experimental data were used
to estimate these parameters. On the other hand, the use of the correct theory guarantees
that the results obtained retain structure which is essentially correct. As an example, we
may cite the use of mixing laws to calculate the unlike pair interaction parameters from
the like interaction parameters, in the application of the ELCS to mixtures [4,13]. A second
class of theoretically inspired estimation methods occurs when a formal theory exists but
its application to the interpretation of experimental data or estimation of properties is not
possible, because of a combination of mathematical difficulty and inadequate knowledge
of other necessary physical quantities. This is the case of the transport properties of simple
liquids. The statistical mechanical theory developed by Bearman and Kirkwood (1958) [20]
among others expresses their transport coefficients in terms of many particle distribution
functions and intermolecular potentials. Since neither of these quantities are known, the
theory cannot be applied at present (otherwise it would be classified as prediction).

Approximate theoretical models are designated as those where the procedures are founded
upon an inexact theory. The theory may be inexact because simplifications were made in
its development or because it is based upon a particular model. The classical example of
this situation procedure in thermodynamics is the van der Waals equation of state and all
those inspired in it, such as Redlich-Kwong, Peng and Robinson, Soave [7], etc., equations
of state. In the field of transport properties of liquids, a similar type of procedure is the
van der Waals model [21], based on the Enskog dense hard-sphere theory [22,23]. Another
would be Bridgman’s model for the thermal conductivity of liquids, to which we shall give
attention later [24], which assumed that liquid molecules are arranged in a cubic lattice and
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that energy is transferred from one lattice plane to the next at the speed at which sound
travels through the fluid of interest (parallel to the original Maxwell elementary kinetic
theory of gases). The model is simple and, to calculate the thermal conductivity of the
fluid, data on the density, speed of sound and adiabatic compressibility (or the isothermal
compressibility) are needed. Biddle et al. [25] applied this model to predict the thermal
conductivity of supercooled water with a relative success. This model was recently applied
to [Comim][CH3SO3] [26], the calculated value for the polyatomic liquid being around 30%
lower than the experimental value.

When an approximate theory is linked with behavior determined from experiment
alone, other schemes evolve, herein designated by semi-empirical estimation. One such
scheme is the extended corresponding states method of Hanley, Ely et al. [27-33] for non-
polar fluids, refrigerants and molten salts, that converge in one of the most powerful
software packages for thermodynamic and transport properties of fluids, REFPROP, now
in version 10.0 [34]. A simplified, yet approximate, version of the exact theory is combined
with dimensional analysis to lead to a corresponding-states procedure in terms of reduced,
macroscopic variables, its implementation requiring a knowledge of the properties of a
reference fluid. The empirical determination of the behavior of the reference substance
provides the means to determine adjustable parameters (shape-factors) for a large number
of other fluids from a limited set of information. The advantages of this kind of procedure
lies in their generality and ability to make estimations over a wide range of states and
classes of pure substances and mixtures. Extensions of such procedures by means of
further empirical steps relating the requisite parameters of substances to critical point
parameters and/or molecular structure then enable estimations of the transport properties
of substances to be made for which no direct measurement exists.

The final subset of estimation methods is defined as that for which there is presently no
theoretical justification, but which are based upon empirical observations of relationships
between the experimental thermodynamic and transport properties of fluids and other
macroscopic quantities for the same fluids. This type of estimation is designated by the
term empirical estimation. They are by far the most numerous but, also, the most uncertain
methods that exist. Most of the methods developed to calculate the thermophysical
properties of gases at high densities and liquids belong to this subset of techniques [7,35].
An example is the representation of the reciprocal of liquid viscosity, the fluidity, as a
function of its molar volume, proposed by Hildebrand (1971) [36], tested for several
liquids, and extended to relations with other properties, like diffusion coefficients and
electrolytic conduction.

All the methods based on group contributions, whereby properties of groups of
atoms or molecular moieties are selected to contribute to the value of the property of
the molecule fall into this category of scheme. In the case of thermal conductivity, the
method of Koller et al. [37], based on an empirical relation between thermal conductivity
and density, also applied in our recent publication [26] is a further example. No parameter
is related to the molecular structure of the compound, and parameters are only obtained by
n-functional fits to experimental data. Such correlations are formulated on a considerable
body of data over a moderate temperature range and then applied universally to all fluids.
Their success is not usually explained theoretically but calculated values are sometimes
reasonable. However, procedures of this type have obvious deficiencies in terms of the
accuracy of their estimates, are normally valid for a particular set of compounds and,
furthermore, no indication is usually given of the possibility of extending to any number of
components without further heuristic approximations. They are also obviously dependent
on the quality of the experimental data that is used as the input. For some of the systems
we examine here this is obviously an important fact. The sole advantage of such schemes
lies in the fact that they may be applied to any chemical compound, independently of the
molecular complexity of the system studied, although the risk of assuming using these
values can be very high.
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Unfortunately, the words prediction and estimation, are two terms used in current
literature interchangeably, without making any reference to their origin and confidence.
In particular, it is rare to have the word estimation included in the titles of papers, the
authors (and reviewers) preferring the seemingly more erudite word prediction. We
summarize in Figure 2 the relation between prediction, estimation, and uncertainty of
property calculation schemes. The arrows also define the direction of each contribution
(theory, experiment, confidence, universality, guess and specificity) for the magnitude of
the expected uncertainty of the property calculation scheme. Values of uncertainties for
molecular liquids are given only as an example. For ionic liquids they can, as we shall
show below, easily be multiplied by a factor of three. They will also change from property
to property.

Result

CONFIDENCE
AND
UNIVERSALITY

cuessanp  ~—

PARTICULARITY

[

»
>10% 2% 1% 0.5%

Figure 2. Relation between prediction, estimation, and uncertainty of property calculation schemes.
Values of uncertainties are examples for molecular liquids and can be multiplied by a factor of 3 for
ionic liquids.

A final comment is related with the word correlation. The correlation of different
properties as a function of independent variable such as temperature or pressure can
be merely empirical or developed with some theoretical insight. Fortunately, this last
approach has been used in the last twenty years, for the thermophysical properties of
selected commonly encountered fluids, over wide ranges of temperature and pressure.
These correlations need a trustworthy EOS, and many examples can be seen in the Journal
of Physical and Chemical Reference Data. However, in the literature, the use of correlation
is very often restricted to a narrow range of temperature (and sometimes pressure) and
to a single properties, obtained experimentally. Such correlations cannot generally be use
outside of the range of conditions for which there are data and are therefore of limited
utility [9].

3. The Case of Ionic Liquids—Tools for Prediction and Estimation of
Thermophysical Properties

The nature of the low temperature melting salts is governed by a complex combination
of Coulombic, hydrogen bonding and Van der Waals interactions of their ions. In simple
salts the interactions are controlled by long-range Coulomb forces between the net charges
of the ions. In addition, with ions composed mostly by organic moieties, their bulky size
and asymmetric charge distribution softens the Coulombic forces and generates highly
directional interactions of shorter range (see Table 1 for a short list of monovalent cations
and anions present in ionic liquids). Consequently, the interaction potential depends not
only on the distance r of the ions, but on a set of angles () for their mutual orientation,
causing non-spherical interactions, the case being worse when hydrogen bonding is present.
These forces give rise to several phenomena, like conformational equilibria in cations, the
formation of ion pairs and large ion clusters in the liquid phase, which affect the dynamics
of the molecule movement, especially important for transport properties, like viscosity,
thermal conductivity, electrical conductivity and ion-diffusion.
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Table 1. Current Ionic Liquids Moieties (Short List).
Cations Name Anions Name
[C4mim], [Bmim] 1-butyl-3-methylimidazolium [OCH3CO], [OAC] acetate
[C4mpy], [Bmpy] n-butyl-4-methylpyridinium [B(CN)4] tetracyanoborate
[Cympyr], [Bmpyrr] 1-butyl-1-methyl-pyrrolidinium [BE4] tetrafluoroborate
[Choline], [Cho] 2-hydroxy-N,N,N-trimethylethan-1-ammonium [Br] bromide
[DMEA] N,N-dimethylethanolammonium [C1] chloride
[Comim], [Emim] 1-ethyl-3-methylimidazolium [C4C4PO5], [DBP] dibutylphosphate
[C,Crim], [Eeim] 1-ethyl-3-ethylimidazolium [N(CN),], [DCA] dicyanamide
[Compy], [Empy] 1-ethyl-3-methylpyridinium [C,CoPO,], [DEP] diethylphosphate
[Copyl, [Epyl] 1-ethylpyridinium [C1C1PO,], [DMP] dimethylphosphate
[Co,OHmim] 1-methyl-3-2-hydroxyethyl-imidazolium [C2S04], [EtSO4] ethylsulfate
[C4Cy4im], [Bbim] 1,3-dibutylimidazolium [HSO4] hydrogensulfate
[HyNC3Hgmim] 1-(3aminopropyl)-3-methylimidazolium [1] iodide
[HDEA] diethanolammonium [C1SO4], [MeSO4] methylsulfate
[HEMA] monoethanolammonium [C10S0;], [MeSOs] methanesulfonate
[Cemim], [Hmim] 1-hexyl-3-methylimidazolium [NOs] nitrate
[HTEA] triethanolammonium [CF3503], [OTI(] trifluoromethanesulfonate
[Cimim], [mmim] 1,3-dimethylimidazolium [PFg] hexafluorophosphate
[Cimpy], [mmpy] 1,3-dimethylpyridinium [SCN] thiocyanate
[OHemim] 1-(2-hydroxyethyl)-3-methylimidazolium [SO4] sulfate
[Cgmim], [Omim] 1-octyl-3-methylimidazolium [OCF;CO], [TFA] trifluoroacetate
. . [(CF350,),N], [NTf;],  bis(trifluoromethylsulfonyl)
[P2444] ethyl(tributyl)phosphonium (THN] imide
[Peeo14] tetradecyl(trihexyl)phosphonium [p_CH[s_f 0655503]’ Tosylate; p-toluenesulfonate
[N1114], [BA] butylammonium [(CN)5] tricyanomethanide
. . tris(pentafluoroethyl)
[N1444], [TBA] tributylammonium [(CyFs5)3PFs], [FAP] trifluorophosphate
[N1gss], [OMA] trioctylmethylammonium [C1OHPO,] methylphosphinate

The number of combinations of cations and anions is immense, ~1018, and the structure

of the cations (usually non-symmetric) and anions varies very much. Therefore, charge
distributions are not simple to calculate, and all these facts complicate modelling or theory
development. The packing of molecules in ionic liquids is similar to a crystal in the first
2-3 coordination spheres, with a well-defined peak cation-anion (well-defined peaks at
r ~ 0.4 and 0.8 nm—distance of the imidazolium ring to chlorine ion), and a cation-cation
ill-defined peak at r ~ 0.92 nm as observed by Hardacre et al. [38] with neutron and X-
ray diffraction studies of [dmim][Cl], which melts at 401 K and gives a relatively simple
structure of an ionic liquid (Figure 3a).

Canongia Lopes and Padua in 2006 [39], using computer simulation, showed that an
all-atom force field predicted that pure ionic liquids of the 1-alkyl-3-methylimidazolium
family [C,mim][PF6] (n = 2 to 12), have structuring of their liquid phases in a manner that
is analogous to microphase separation between polar and nonpolar domains, as shown
in Figure 3b for n = 2 and 6. It was observed that the polar domain has the structure of a
three-dimensional network of ionic channels, whereas the non-polar domain is arranged as
a dispersed microphase for 1-ethyl-3-methylimidazolium ILs and as a continuous one for
longer side-chains, such as hexyl, octyl, or dodecyl; the butyl side-chain marks the onset of
the transition from one type of structure to the other.

Can we use the methodology described in Section 2 for Ionic Liquids? Generalizations
are impossible owing to our limited current understanding at a nanoscale, of the existing
intermolecular forces and the supporting theories, it is extremely difficult to develop
theoretically based predictive schemes. Even if we now understand the structure of IL’s in
the liquid state (mostly with imidazolium rings) we cannot yet calculate properties, except
by modelling the interactions and performing molecular dynamics experiments.



Fluids 2021, 6, 116

8 of 28

[dmim][CI] [dmim][CI]
b)

v

[Camim][PFs] [Cemim][PFs]

Figure 3. Nanostructure of ionic liquids. (a) Neutron and X-ray diffraction, imidazolium ions
coordination (yellow) and chlorine ions coordination (green) [32]. Colored pictures gently given by
Prof. Christopher Hardacre. (b) Snapshots of simulation boxes containing 700 ions of [C2mim][PF]
and [Comim][PF¢][33]. @—polar domains, ®—non-polar domains. Adapted from Figure 5 of
Canongia Lopes and Padua [39].

A series of estimation methods that enable the calculation of transport properties,
therefore have to be developed, based on:

(a) approximate theoretical models (e.g., Bridgman model),

(b) heuristic extensions of the theory (e.g., Van der Waals model, free volume theory),

(c) totally empirical information, such as the behavior of a given property for a group
of structural similar compounds (e.g., group contribution methods), or empirical
relations between thermophysical properties (e.g., Koller method).

A brief description of each approach is described below, with especial emphasis on
the Bridgman, Van der Waals and Koller methods.

3.1. Bridgman Model

As explained above, Bridgman [24] assumed that liquid molecules are arranged in a
cubic lattice and that energy is transferred from one lattice plane to the next at the speed at
which sound travels through the fluid of interest. The cubic lattice was chosen to have a
center-to-center spacing given by (v*) 1/3, v* being the volume per molecule (the molecular
volume). The distance travelled between two consecutive collisions and so the distance
between neighboring planes, is equal to the center-to-center spacing.

The development is based on a reinterpretation of the kinetic theory of gases (rigid
spheres), and can be found on the book by Hirschfelder, Curtiss and Bird [40], leading to:

A =28kg(v*) % 1)

where A is the thermal conductivity of the liquid; kg is the Boltzmann constant; u the speed
of sound in the limit of zero frequency. The numerical coefficient was initially 3 but was
empirically modified to 2.8 to secure better agreement with experimental data. Using the

thermodynamic relation:
1 \1/2
= (5) <2>
S
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in the absence of speed of sound data, where p is the density and xs the adiabatic com-
pressibility, we obtain:

s 1\?
A =28kp(v*)” () 3
(v") o%s @)

Because the adiabatic compressibility is very difficult to obtain, the method uses
Eyring’s modification [34], as described by Biddle et al. [25]:

23 1 1/2

where «t the isothermal compressibility, a quantity that is much simpler to obtain.

This equation is limited to densities well above the critical density because it assumes
that each molecule oscillates in a “cage” formed by its nearest neighbours. It was derived
for monatomic liquids, for which Cy = 3 kg /m, m being the mass of a molecule, which is less
than the heat capacities of polyatomic liquids. Therefore, Equation (4) underestimates the
calculated value of thermal conductivity and we shall discuss this point in Section 5.1. This
model is quite unrealistic for simple fluids where computer simulation does not support
the notion of a cage of molecules with occasional long-distance jumps, but the structure
within IL’s means that it may be more appropriate for them. This model was applied for
the first time by Lozano-Martin et al. (2020) [26] for the ionic liquid [Comim][CH3503] and
will be pursued in this paper for other ionic liquids.

3.2. Van der Waals Model

The application of a hard-sphere scheme to the estimation of the viscosity and thermal
conductivity of ionic liquids has been reported by Gacifio et al. in 2014 [41], with success. A
database of 461 viscosity and 170 thermal-conductivity measurements for 19 ionic liquids
was used. Expanded uncertainty at the 95% confidence level was 4.6% and 6.3%. According
to the model, the reduced thermal conductivity, A*, is defined in Equation (5) as:

1/2/\V2/3
R)

Ax = 1.936 x 107(M)

RT ©)

This reduced thermal conductivity is a function of the reduced molar volume V,
= V/Vy, where V is the molar volume and V| is a characteristic molar volume of the
liquid, weakly dependent on temperature (originally considered as a close-packed volume).
M represents the molecular mass and R the universal gas constant. The parameter R,
introduced for polyatomic molecules, accounts for deviations from the behavior of smooth
hard spheres [23]. Because the viscosity is more sensitive to the characteristic molar volume,
V was obtained from viscosity data. The method uses a correlation of the experimental
data available for the ionic liquids considered, with coefficients that are listed in Tables 1
and 7 of reference [41]. The method is limited to systems for which density data for the
ionic liquids exist, but this is not a very serious limitation, because it is the most commonly
available thermophysical property [42]. Moreover, if the thermal-conductivity roughness
factor, R,, is allowed to be temperature dependent, then the average absolute deviation
of all ionic liquid thermal conductivity data can be reduced to 0.91% for the thermal
conductivity, and the expanded uncertainty at the 95% confidence level to 1.82%, which is a
very good result. Figure 4 shows the deviation of the experimental data from the proposed
correlating scheme, as a function of the reduced molar volume. If this scheme is used for
estimating the thermal conductivity of the 19 ionic liquids used in the development, a
maximum error of 4% is found. It is worth pointing out that deviations of this size are
smaller than the likely experimental uncertainty in the transport property measurements,
particularly for the thermal conductivity but also the viscosity.
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Figure 4. Percentage deviations of the thermal conductivity measurements from the values
calculated by the scheme of Gacifio et al. [41], as a function of the reduced molar volume, for
the 19 ionic liquids studied. Adapted from Figure 5 of the paper. W—[Comim][C,SO0,]; O—
[Comim][CH3CO,]; B;,—[Comim][CH;OHPO,]; B—[Comim][N(CN),]; B—[Comim][(CF3S0,),N];
O—|[Cymim][BF,]; —[Cymim][CF3S0;3]; @—[Cymim][(CF350,);N]; —[Cymim][PF]; ¢
—[Cemim][BFy]; #—[Cemim][(CF380,);N]; @—[Cemim][PFs]; *%—[Cgmim][(CF3S0,),NJ;
4—[Cyomim][(CF350,);N];  A—[C4mpyrr][(CoF5)3PF3];  A—[Cympyrr][(CF350,),N]; ©—
[Pe,6,6,14][(CoF5)3PF3]; d—[Pg 6,6,14][(CF3502)2N]; ©—{[Pg 6,6,14][Cl]. Courtesy of the authors.

3.3. Koller Method

From among the purely empirical methods, based on relations between other ther-
mophysical properties and thermal conductivity, we can select the Mohanty relationship,
based on the Andrade theory for liquid viscosity [43] and the Bridgman theory for molecu-
lar collisions described above. Mohanty [44] proposed a very simple relationship between
thermal conductivity and viscosity, MA /% = Const, with the constant having an average
value of 10.8 for organic liquids at room temperature. This relationship was explored by
Tomida et al. [45], for [Cymim][PF¢], [Comim][PFg], and [Cgmim][PFg] from 294 to 335 K at
pressures up to 20 MPa. They arrived at the conclusion that the Mohanty constant was, in
practice, a function of molecular mass for the ionic liquids, and obtained Equation (6):

log (A;M> = 1.9596 — 0.004499 M (6)

However, in order to maintain agreement with the data for n-alkanes, which are much
less viscous, it was necessary to multiply by 2 the value of the molecular mass of the ionic
liquids, i.e., M" = 2 M, which is most unsatisfactory from a fundamental perspective.

Froba et al. [46] discussed Equation (6) and found that it could not estimate correctly
the thermal conductivities of a series of [Comim]-based ionic liquids (ILs) having the anions
[(CF350,)2N], [CH30CO], [N(CN)2], [C(CN)3], [C;OHPO;], [C20503] or [C30S03], and
in addition for ILs with the [(CF350;),N]~ anion having the cations [C¢mim], [OMA], or
[BBIM]. They therefore proposed a relation between thermal conductivity, density, and
molecular mass, giving Equation (7):

AMp =AM+ B @)

In this equation the parameters A and B where obtained by least-squares fitting
of all the experimental results existing at the time, at a temperature of 293.15 K and
atmospheric pressure. For this case the coefficients in Equation (7) are A = 1.244 and
B = 18.84, when all quantities expressed in SI units. A standard percentage deviation
of 7.8% (15.6% at 95% confidence level) was found. This equation was also adapted by
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Ferreira et al. [47] for phosphonium and ammonium cations, using values of A = 1.36
and B = 8.533, with standard percentage deviation of 4% (8% at 95% confidence level).
Figure 5 shows the deviations for the thermal conductivity of [Pgeg14]" ionic liquids with
different anions, Ferreira et al.[47], Ge et al. [48] and Franca et al. [49]. It can be seen, that
apart from bis(2,4,4-trimethylpentyl)phosphinate, already noted by Ferreira et al. [47], the
deviations for the other ionic liquids vary between —5% and +15%. However, these results
show a definite trend with temperature, probably because the methods, such as that of
Froba et al. [46] equation, do not account for different temperature variation of density and
thermal conductivity.

35
O Cl-(Geetal. 2007)
30 o
L
25 O O ® [(CF3502)2N]-(Ge et al.
0 2007)
20de m"® B bis(224trimp)OPO-
S (Ferreira et al, 2013)
= 15 - 8 o) & FAP (Ferreira et al. 2013)
©
‘'S 10 - = e 8 A [(CF3502)2N]- (Ferreira
] “‘8“8‘ “““ A~ etal. 2013)
(@] 5 1 A. ‘. N ’ A Br-(Franga et al. 2014)
° 0 'A—t'%‘; ) ® [(CN)2N]- (Franga et al.
5J® o © 2014)
104 "~~~ ~"~""7"7T77=777777°7
'15 T T T
280 300 320 340 360

T/K

Figure 5. Deviations from Equation (7). Data of Ferreira et al. [47], Ge et al. [48] and Franca et al. [49] for [Pgg614]" ionic
liquids. Dashed lines represent the uncertainty of the correlation, at a 95% confidence level.

The Erlangen group tried to resolve this situation, by introducing a correction to
accommodate the temperature variation, reported by Koller et al. [37]. Their relation based
upon the existing thermal conductivity data for 53 ILs, is expressed by Equation (8):

C

B p(T)
MT)= | A 8)
' MP<Tref) p<Tref)

where A is the calculated thermal conductivity, p is the density and M the molar mass,
all expressed in SI units. The parameters they report are A = 0.0960, B = 21.43, C = 0.826
and Ty = 293.15 K, with quantities expressed in SI units. This equation has a claimed
AARD (average absolute relative deviation) of 6.3% (12.6% at a 95% confidence level) and
also includes many ammonium and phosphonium liquids, the object of the analysis of
Ferreira et al. [47]. These results are very good, as most of the experimental data used in
the development have uncertainties of this order of magnitude. Deviations for compounds
not used in the development, like [Comim][CH3503] [26], underestimated the thermal
conductivity 8% at 293 K and 14% at 343 K, an interesting result.

3.4. Group Contribution Methods

The discussion of group contribution methods will be brief, because they will not be
applied in this paper. Many of them involve other thermophysical properties, such as the
isobaric heat capacity Cp.

Gardas and Coutinho developed group contribution methods for estimating the ther-
mophysical and transport properties of ILs for viscosity, electrical conductivity, thermal
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conductivity, refractive index, isobaric expansivity and isothermal compressibility [50].
The parameters of the group contribution methods were determined for imidazolium-,
pyridinium-, pyrrolidinium-, piperidinium-, phosphonium-, and ammonium-based ionic
liquids. For thermal conductivity 16 IL’s, the average absolute relative deviation, AARD,
was found to be 1.06%, with deviations of +2-4%, for lower and higher thermal conduc-
tivities, a very good result. Group contributions were calculated for a limited number
of cations, anions and methylene and methyl groups, owing to the scarcity of thermal
conductivity data at the time of publication. In spite of its simplicity, the method has no
capacity to estimate the properties for fluids with cations and anions not in the base set, as
for example for DCA or Pgge14 ions.

Wu et al. [51] adopted a new equation, similar in form to Reidel equation [52], to
correlate the thermal conductivity of ionic liquids, based on reduced temperature, with
boiling and critical temperatures estimated from Valderama et al. formulas [53]. However,
these parameters are obtained with high uncertainty owing to the small vapor pressure
of ionic liquids, which decompose before reaching their vapor-liquid critical point. 36
ionic liquids were covered. Group contributions were optimized for groups with rings and
without rings, and the reader is referred to Table 1 of reference [51]. For the ionic liquids
studied, the overall AARD was found to be 1.66% (3.3% at 95% confidence level), with a
maximum deviation less than 11 (22%). Again, this application is limited to IL's where the
groups constituting the anion and cation were evaluated by the authors.

The method of Wu et al. [51] was optimized by Oster et al. [54], by using DFT calcula-
tions to optimize charge distribution and structural contributions, and using recent data for
new ionic liquids, a total of 55. The model developed used a novel approach to include the
impact of cation core atom on the structure and physical properties of the ionic liquids. The
overall AARD, for all data sets used is 1.66% (3.3% at a 95% confidence level), much better
than the average uncertainty of used experimental data, with maximum AARD of 7.16%
for 1,3-dibutylimidazolium bis[(trifluoromethyl)sulfonyl]imide, [C4C4im][(CF350,),N].
Tables 2 and 3 of reference [54] show the ionic liquids covered and the new parameters for
the Wu model equation.

In conclusion, group contribution methods can be very convenient and simple, but
they are restricted to the ionic liquids with moieties covered by their development. The
most general one is that of Oster et al. [54] who extended and modified that of Wu et al. [51].

4. The Case of IoNanofluids—Tools for Calculating Thermal Conductivity
Enhancement

Dispersions of nanoparticles in several fluids were firstly studied by Yang and Maa [55]
in 1984 in their boiling heat transfer study and Masuda et al. [56] in studying the viscosity
and the effective thermal conductivity of Al;O3, SiO; and TiO; (anatase) ultra-fine particles
(13, 12 and 27 nm, respectively) dispersed in water. This effective thermal conductivity
is not a true thermal conductivity because the systems studied are two-phase at least,
and some authors designate it as apparent thermal conductivity. However, these authors
identified what seemed to be one of the most sensitive phenomena in heat transfer in the last
century, the enhancement of thermal conductivity of the media with respect to the original
base fluid. The impact of nanofluids in current science and technology was catalysed by
the work of Choi et al. using classical heat transfer fluids, like water, ethylene glycol and
engine oil [57], whose results (now shown to be very substantial overestimates), contributed
however to a revolution of research on heat transfer fluids. The use of composites of
carbon nanomaterials in ionic liquids, namely multi-walled carbon nanotubes (MWCNTs)
was first reported by Aida et al. [58] who mixed ionic liquids with carbon nanotubes
(CNTs), forming highly viscous gels, called Bucky Gels, a tribute to the architect Richard
Buckminster Fuller (Bucky), famous for his geodesic domes. These nanosystems are now
designated IoNanofluids [6], a stable dispersion of nanomaterials in ionic liquids. Those
and related systems have a number of applications including in new materials, processes,
and electronic or electrochemical devices. Ionic liquids supported in gels are relevant
as membranes for separations [59], can be designed as solvents for exfoliation [60,61] of
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carbon nanomaterials, leading to stable suspensions and new ways to functionalize or
manipulate those nanomaterials, or new composite phases. Applications of lower viscosity
IoNanofluids are today widely contemplated. The interface between ionic liquids and
carbon nanomaterials is relevant in many contexts, for example in the development of better
electrolytic supercapacitors [62], by design of the organic electrolyte or by the electrode
nanoporous carbon material [63], the use of carbon nanofibers in IL-based catalytic beds to
improve the specific surface area [64] or the performance enhancement of dye-sensitized
solar cells with IL electrolytes using carbon dots [65].

Dispersions of nanomaterials in ionic liquids have already been studied by our group
in different systems [6,66—77], both from experimental and theoretical points of view; the
systems have involved MWCNTs, melanin (natural nanomaterial [66]) and graphene. The
thermophysical properties of the loNanofluids were measured and an interpretation of the
unexpected enhancement in thermal conductivity was explained with regard to the effect
of the particle surface chemistry and of the interphase particle/fluid structure.

In this paper we will restrict the analysis to the systems based on dispersions of
MWCNTs in ionic liquids. In our first paper [6], the Maxwell model [77] and the Leong
et al. [78,79] models for spherical nanoparticles were used to explain the thermal con-
ductivity enhancement in several IoNanofluids. However, in the second of these models,
calculations are strongly affected by the values assumed for the thermal conductivity of the
interfacial layer and for its thickness [49,69-71]. As an example, for an interfacial thickness
of 2 nm, the model of Leong et al. can only be applied to systems with an enhancement
higher than 20%, which usually happens only for high volumetric nanoparticle fractions
(>3%). In our system with [C4mim][(CyF5)3PF3][76], a very small value of enhancement
(6.2%) was found.

Figure 6 summarizes the average thermal conductivity enhancements found for all
the IoNanofluids studied in our laboratory, between 293 and 353 K, for a concentration of
1% (w/w) of MWCNT’s. Values vary between 2 and 12%, which are rather modest effects;
and no dependence on molecular structure of the cations or anions can be identified.

@ [C2mim][NTf2]
 [CAmim][NTf2]
H [C6mim][NTf2]
 [C8mim][NTf2]
M [CAmim][FAP]

M [CAmim][BF4]

M [C6mim][BF4]

B [CAmim][CF3503]
M [CAmpyrr][NTf2]
M [C4mim][PF6]

M [C6mim][PF6]

i [C2mim][EtSO4]
M [C2mim][DCA]
 [C4mim][DCA]

W [CAmpyrr][DCA]
M [C2mim][SCN]

2212063 65 6.2 5.4 4.8 9.4 4.9 3.4 1.8 9.4 8.0 10.49.6 12.2 9.9 9.9 8.2 i [Camim][SCN]
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4 [Camim][C(CN)3]

Figure 6. Thermal conductivity enhancements found for all the IoNanofluids studied in our labora-
tory, at 298.15 K, and for a concentration of 1% (w/w) of MWCNT’s.

For example, if we select just the effective thermal conductivity of liquids with the
same cation, [Cymim]*, and compare them with the values of the thermal conductivity of
the base fluid, the result is displayed in Figure 7.
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Figure 7. Thermal conductivity enhancement for ionic liquids with same cation, [C4mim]*, and different anions (a), and
thermal conductivity of the respective ionic liquids (b).
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The order for the enhancement decreases as shown in the Figure 7a, while the thermal
conductivity of the corresponding ionic liquid varies randomly (7b). In Figure 8 we show
the variation of the thermal conductivity enhancement with the same cation, [Comim]*, (a)
and with the same anion, [(CF350,),N]~, (b). The ion size does not seem to have a specific
effect, as was discussed for thermal conductivity dependence of the same liquids [77].
The sequence obtained for the thermal conductivity was: [(CN);N]~ > [C(CN)3]~ =
[SCN]™ > [BFE4]™ > [PFg]™ > [CF3503]~ > [(CF350,),N]~ > [(CyF5)3PF3] . A bulky ion
like [(C2F5)3PF3]~, which is much less mobile, seems to contribute to a very low thermal
conductivity. Cyano-anions introduce a much higher value for the thermal conductivity,
and a stronger dependence on temperature. The thermal conductivity of [C4mim][BF4],
with the smallest anion, is high, but lower than that of cyano-compounds, especially at the
lower temperatures. For the other ILs the value of the thermal conductivity increases with
decrease of the anion size. Smaller anions have, in principle, better mobility, increasing the
ionic interactions and consequently promoting more heat paths.

14
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Figure 8. Thermal conductivity enhancement for ionic liquids with same cation, (a) [Comim]*, and different anions, and (b)
with the same anion, [(CF350,),N] .

It seems that the mechanism of thermal energy transfer in the IoNanofluid, reflected
macroscopically in the thermal conductivity, is not very dependent on the properties of
the base ionic liquid. However, it has been argued that it may depend on the interactions
between the ionic liquid moieties and the surface of the nanomaterial (interface parti-
cle/fluid) and on the surface chemistry involved. This result was a conclusion of our
publication [49], as well as the Belfast/Manchester group [80] and the Katowice group [81].
Other possible contributions to the thermal conductivity enhancement in IoNanofluids
containing MWCNTs were not considered.

Franga et al. [75] showed that, for the atoms of ionic liquids and carbon nanomaterials
interacting among themselves, attraction is stronger for cations (than for anions) above
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and below the 7-system of the nanomaterials, whereas anions show stronger attraction for
the hydrogenated edges. The ordering of ions around and inside (7, 7) and (10, 10) single-
walled nanotubes, and near a stack of graphene sheets, was analysed in terms of density
distribution functions. The anions, as well as cations, were found in the first interfacial
layer interacting with the carbon nanomaterials, which is surprising given the interaction
potential surfaces used. The thermal conductivity of the ionic liquids and of composite
systems containing one nanotube or one graphene stack in suspension was calculated
using non-equilibrium molecular dynamics. In the composite systems containing the
nanotube there is an enhancement of the overall thermal conductivity, with calculated
values comparing well with experiments on nanotube suspensions, namely in terms of the
order of the different ionic liquids.

A very detailed review of the existing models to calculate the effective thermal con-
ductivity of solid particle suspensions (Aeg), like nanofluids, particularly with CNT’s, can
be seen in references [82-86], and no detailed discussion will be performed here. Most of
them have a mechanistic base, regarding the dispersion of well-dispersed solid particles in
a continuous medium, originating from the pioneering work of Maxwell [77] analogous
electrical problem. This treatment was valid only for spherical particles. Hamilton and
Crosser [86], modified it for non-spherical particles and shape factors for particles, such
as cylinders, were introduced. The latter model shows that the enhancement in thermal
conductivity for non-spherical particles is higher than for spherical particles. These clas-
sical models were found to be unable to predict and explain the experimental thermal
conductivity of nanofluids, namely the dependence on temperature and particle volume
fraction [81,84,87]. Despite a large research effort devoted in the last decade to identify
the mechanisms and to develop theoretical models for heat transfer in nanofluids, current
knowledge on the real heat transfer mechanisms is scarce and controversial [49,84].

Generally, additional mechanisms have been proposed to explain, at least quali-
tatively, the observed enhancement of the effective thermal conductivity of nanofluids
beyond that predicted by these classical models. These additional mechanisms include
Brownian motion of nanoparticles (for spherical shape), interfacial nanolayer at the surface
of nanoparticle/base fluid interface, and nanoparticle clustering or aggregation. These
mechanisms are well discussed in the literature [83,84,88] and will not be elaborated further
here. Among these mechanisms, the interfacial nanolayer has been suggested as the major
factor behind the increase in the effective thermal conductivity of nanofluids [79]. The
liquid molecules near the particle surface interact and/or are absorbed at the nanoparticle
surface creating a layered structure, which shows characteristics of an organized “solid”
like system [80-85,88,89]. Figure 9 shows a schematic drawing of this concept, and its
realization using molecular dynamics by Joao Franga et al. (2017) [75,90], for a simulation
with SWCNT + [C4mim][C(CN)s], at 363 K. This observation lent credibility to our previous
understanding of the feasibility of the model of Leong et al. [73,79] and similar models,
that an interface exists in a CNT-IL system with a temperature jump, at the surface of the
tube affecting the heat transfer mechanism. The existence of the layer was confirmed by its
application to ionic liquids, not only for SWCNT, but also for graphene. Within the models
of Leong et al. it is then possible to use this theoretical development for the calculation of
the thermal conductivity of IoNanofluid with carbon tubes, once we know, experimentally
or by using empirical estimation techniques, the thermal conductivity of the base ionic
liquid, as well as the properties of the interfacial layer, specifically its thickness and thermal
conductivity. Of course, the entire process is limited by the uncertainty of the experimental
values of the thermal conductivity used.
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Figure 9. (a) Schematic representation of interfacial layer model for a spherical particle. (b) Snapshot
of simulation box with SWCNT + [Cymim [[C(CN)3], 363 K [75]. In this simulation there are molecules
(ions) of the ionic liquid inside the CNT. The interfacial layers between the CNT walls and IL (in and
out) are clearly seen, also showing void spaces (no ions). (c) The simulation approximate dimensions:
outer diameter of the SWCNT was 1.4 nm (14 A); SWCNT inner diameter was 4 A and the outer
diameter 7 A. Geometry is assumed to be similar along the axial dimension of the nanotube.

A brief description of the main equations for the models used in this study is neces-
sary. The Maxwell model [78] predicts the effective thermal conductivity of liquid-solid
suspensions for spherical particles and results in Equation (9):

Ap +2A1L — 2¢p (AL — Ap)
Ap + 241+ ¢p (AL — Ap)

©)

AINF = ALL

where A, and Ay are, respectively, the thermal conductivity of the nanoparticles and of the
base ionic liquid, AN is the effective thermal conductivity of the IoNanofluid, and ¢;, is
the volume fraction of the nanoparticles in the IoNanofluid. Hamilton and Crosser [86]
modified Maxwell’s model for both spherical and non-spherical particles by applying a
shape factor 7, that considers the shape of the dispersed particles. This shape factor is a
function of the sphericity, used previously to characterize the shape for particles falling
through liquids [91]. Sphericity, ¥, is defined as the ratio of the surface area of a sphere
with volume equal to that of the nanoparticle, to the surface area of the nanoparticle. The
Hamilton and Crosser model results in Equation (10):

N A (e 2=y (1)
INF IL /\P+(nfl)/\IL+¢p</\ILi/\P) (10)
n =

<lw

As mentioned above, this model reveals an increase in thermal conductivity for non-
spherical particles (with the same volume fraction) higher than that for spherical particles.
This expression reduces to the Maxwell model for spherical particles (n = 1).
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Leong et al. [78,79] developed two models by considering the effects of particle
size, its concentration, and added an interfacial nanolayer, for nanofluids containing
spherical and cylindrical nanoparticles. Their model (MLY) [92] for nanofluids containing
cylindrical/tube nanoparticles for calculating the effective thermal conductivity of our
IoNanofluid, Ang has the form:

Ppw(Ap — wAL) [75 — 7 +1] + (Ap + WAL )7} [9p7P (w — 1) +1]

A =A 11
INF = Ar V(o + @A) = (ko — A ) o [12 + 72 — 1] ah
And defining F as:
po froQp o) [ = 1] + (O t wdn)nepr*w -1 1] )
1 (Ap + @A) = (Ap — wAn)gp[vi + 7% — 1]
we obtain for the thermal conductivity enhancement, AA/ Ay,
A AN _pog (13)

ML AL

where A, and Ay, are the thermal conductivity of the nanoparticles and of the base ionic
liquid, ¢}, is the volume fraction of the nanoparticles in the loNanofluid, w = A /A, v =1
+h/rp,and y1 =1+ h/(2rp), h and Ay, are the thickness and the thermal conductivity of
interfacial nanolayer, respectively, and r}, is the radius of the nanoparticle.

The values of A, and Ay can be obtained from the literature (or estimated, if necessary),
if the nanoparticles used are well characterized. However, values of 1 and Ay, significantly
influence the value calculated for the thermal conductivity of the IoNanofluid. The order
and orientation of fluid molecules absorbed on the nanoparticle surface seems to lead to a
value for the thermal conductivity of the nanolayer which is intermediate between that of
the solid and the base fluid; i.e., AL < Ay < Ap. For CNT’s, their thermal conductivity is of
the order of 3000 W-m~!.K~!, as measured using a micro fabricated suspended device [93],
a factor of 20,000 greater than the average thermal conductivity of an ionic liquid. However,
this value is controversial, as many authors, with different methods, arrived at values
for the thermal conductivity of individual or bundle single walled and MWCNTs in the
range of from 20 to 6000 W-m~ 1K1 [94-97]. Our MWCNTs were furnished at no cost
by Bayer (Baytubes® C150HP, CAS Nr. 308068-56-6), with lengths varying from 1-10 pm,
with an average outside diameter of 13-16 nm, a bulk density of 140-230 kg:m 2 and
a purity > 99%. The tubes are entangled and look similar to chains in polymers [98], as
shown in Figure 10. In the absence of an experimental measurement, we estimated a value
between 2000-3000 W-m~!-K~! for this type of MWCNTs in our previous publications,
which is consistent with that used by others [80,81].

Figure 10. BAYTUBES® C 150 HP, produced by Bayer Material Science, and used in present work.
Adapted from [98].
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5. Results

In this section we examine the performance of the schemes proposed for the estimation
of the thermal conductivity of nanofluids and IoNanofluids.

5.1. Thermal Conductivity of lonic Liquids

As mentioned in Section 3.1, the Bridgman model makes the thermal conductivity only
dependent on the density and on the speed of sound of the ionic liquid (Equation (1)). This
model was applied to all the ionic liquids studied, for which speed of sound was available
(no data for [Comim][(CN);N] and [C4mim][C(CN)3]) or at some higher temperatures
for other IL’s (eg. [Comim][SCN] at temperatures greater than 323 K). As mentioned
in our application for [Comim][CH3SO3] [26], the Bridgman model underestimates the
thermal conductivity of this ionic liquid. Figure 11 displays Aeyp, as a function of Ag,
and many points are underestimated by more than 50% (e.g., [Comim][(CF350;),N],
[Cgmim][(CF350,),N], [C4mim][FAP]), while for others the deviations are smaller than
10% (e.g., [Campyrr][(CN);N] and [Comim][SCN]). No relation was found allowing us to
explain the reasons for the deviations, either molecular or ionic. A modification by Eyring
to the Bridgman formula [40], given by Equation (14), introduces the ratio 7 = Cp/Cy,
between the heat capacities of the liquid at constant pressure and constant volume.

A = 2.8kg(v*) "3y 12y (14)
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Figure 11. Similarity plot for Bridgman model (Equation (4)) [24]. The dashed lines represent
deviations of 10% (red), 20% (green) and 50% (blue).

The ratio, v, varies very much from liquid to liquid, because it is a macroscopic
consequence of contribution of the internal degrees of freedom to the heat capacities.
For example, it is near 2 for liquid argon at 77 K, 1.01 for liquid water at 300 K, 1.06 for
[Cemim][(CF350;),N] at 325 K and 1.28 for [C,mim][EtOSO3] at 293 K. It is a weak function
of temperature and introducing its value in Equation (14), no improvement is found over
that for the original Bridgman equation. Actually, any value greater than 1 reduces the
estimated value. This might be caused by the theoretical deficiencies in the Bridgman
model, which does not use a rigorous theory for hard spheres, and it assumes only the
heat capacity of the spheres without accounting for internal structure. Additionally, and as
introduced in the Van der Waals model, no restriction to molecule (ion) rotation in the dense
liquid was used in the rough hard-spheres concept. According to the discussion above on
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the structure of the ionic liquids, although strictly static, this result is not surprising and
further work is necessary. Table SM1 of Supplementary Material includes the references for
density, speed of sound and thermal conductivity used for all the tests here in performed.

Gacifio et al. [41] studied 13 ionic liquids considered here, developing Tait equations
for the density of each fluid, from literature data. Absolute average deviations, AAD, of the
estimations of the thermal conductivity from experimental values were smaller than 6.42%
(for [Cemim][(CF350,),N]), and an overall average of 3.15% (with 30 out 170 data points
with deviations >5%) a value that justifies our recommendation to extend their correlation
to other ionic liquids.

Equation (8), Kohler’s formula, has been applied to all the ionic liquids that we
have measured in the laboratory, and the results are displayed in Figures 12 and 13. In
Figure 12 the percentage deviation, DEVIATION = 100(Aexp — Acarc) / Acatc, is shown as a
function of temperatures. Deviations are usually negative, but well within the mutual
uncertainty of the correlation and of the experimental data, at a 95% confidence level (12.6
and 10%). Figure 13 displays Ay as a function of Age. It can be seen that most of the
data are estimated within £20%, again within mutual uncertainty. However, for some
of the ILs, like [C4mpyr][(CN),N], some points for [C4mim][(CN),N] and one point for
[Comim][SCN] deviations can be as much as +35%. Nevertheless, Equation (8) is suitable
for a rapid calculation of the thermal conductivity of an ionic liquid, for which there is no
experimental data available.
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Figure 12. Deviations between the thermal conductivity of ionic liquids published by our group and
the values calculated by Koller formula (Equation (8)) [37]. The dashed lines represent the uncertainty
of the correlation, at 95% confidence level.

The dependence on temperature assumed for the parameter C looks correct (most of
deviations are parallel to zero line), but the formula is not very sensitive to this exponent.
Parameters A and B control the absolute value of the estimated thermal conductivity.
By changing the value of A to A = 0.082, the deviation of our data leads to a standard
deviation of 9.2%, well within the mutual uncertainty of the correlation and of experiment.
Greater refinement of this formula might be achieved in the future, using accurate thermal
conductivity data for more ionic liquids.
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Figure 13. Similarity plot for Koller formula (Equation (8)) [37] and our experimental data. The
dashed lines represent deviations of £10% (red), +20% (green) and +50% (blue).

5.2. Thermal Conductivity of loNanofluids

Our data was used to test the applicability of the models of Maxwell [77], Hamilton
and Crosser [86] and the MLY model [78,79,92] for cylindrical particles, and their capability
to estimate the thermal conductivity of IoNanofluids. It is noteworthy to say that these
models are static (particles are assumed not to be moving) and the MLY model assumes
infinite length for the nanotubes of cylindrical geometry. Thus, no parameter for CNT’
length or size distribution is present. This is a limitation, because for MWCNT’s, apart
from having lengths up to 10 pm, they curl, and have linear cylindrical shapes for about
50 nm, being capable of generating additional heat transfer paths, not included in any of
these models. For the application of the Hamilton and Crosser model, the sphericity was
calculated from the Baytubes® specifications [98], for a length of 1 um and r, = 7.5 nm. The
value found was ¢ = 0.323 and therefore the shape factor n = 9.28. In addition, there is
no molecular insight of these models, which also restricts any further development for its
application to molecular or ionic liquids.

We present, in Figure 14, the result of our analysis for the MLY model, for the same
cation, [C4mim]* (a), for the same anion, [(CF35S0;),N]~ (b), and for the remaining ionic
liquids (c). It is clear that no molecular trends can be identified, as already mentioned
in Section 4. In addition, for each of these families, the theoretical prediction of the MLY
model is not sensitive to any molecular structure of both the cation and the anion. Actually,
the model uses only experimental information about the density and thermal conductivity
of the base ionic liquid. To apply this model several parameters, need to be known or
guessed, the most important being the properties of the interface IL-CNT, specifically its
thickness, h, and thermal conductivity Ay,.



Fluids 2021, 6, 116

21 of 28

20

AL 2 1%

0.00 0.05

(EAemessonianl 8 ¢ 90 o [C2mim][(CF3502)2N], MLY
[Camim][(CF3502)2N], EXP i
o  [Camim][SCN], MLY A [C2mim][(CF3502)2N], EXP
A [CAmim][SCN], EXP [C4mim][(CF3502)2N], MLY
[C4 CN)2N], MLY
°o ! mfm][( 1211 [C4mim][(CF3502)2N], EXP
A [C4mim][(CN)2N], EXP
©  [C4mim][C(CN)3], MLY O [C6mim][(CF3S02)2N], MLY
4 [Camim][C(CN)3], EXP N A [C6mim][(CF3502)2N], EXP
[C4mim][BF4], MLY ~ )
AR Bl tﬁ: O [C8mim][(CF3502)2N], MLY
©  [C4mim][CF3503], MLY ~~ A [C8mim][(CF3502)2N]], EXP
4 [CAmim][CF35O3], EXP < o  [C4mpyrr][(CF3502)2N], MLY
o [CAmim][PF6], MLY <
3 [ComimiiPRL EP A [C4mpyrr][(CF3502)2N], EXP
©  [Camim][FAP], MLY e «= MLY Model, 1.2, 0.9
a [C4mim][FAP], EXP == =<MLY Model, 1.2, 4
= = MLYModel, 1.2,0.9
===eMYMode,1224 1l e L~ A L] ] e MLY Model, 0.5, 0.9
------- MLY Model, 0.5, 0.9 e EXp Line
0.20 0.2 ‘———Eqlins 000 0.05 0.0 0.5 0.20 025
¢CNT
90 [C2mim][E£0SO3], MLY
[C2mim][Et0SO3], EXP
80 A o  [C6mim][BFA], MLY
A [Comim][BF4], EXP
70 -
o [Cemim][PF6], MLY
5o 60 4 A [C6mim][PF6], EXP
SN o  [C2mim][SCN], MLY
=50 4 A [C2mim][SCN], EXP
= ,
~. o [C2mim][(CN)2N], MLY
~ 40 1
A [C2mim][(CN)2N], EXP
< v
30 - [C2mim][C(CN)3], MLY
[C2mim][C(CN)3], EXP
20 A o [Campyrr][(CN)2N], MLY
A [CAmpyrrl[(CN)2N], EXP
10 A
— = MLYModel, 1.2,0.9
0 === =MLY Model, 1.2, 4

....... MLY Model, 0.5, 0.9

0.00 0.05 0.10 0.15 0.20 0.25

¢CNT

e Exp Line

(c)

Figure 14. The effective thermal conductivity of the IoNanofluids with MWCNTs, experiment and MLY model. (a) ILs
with the same cation, [Cymim]*; (b) ILs with the same anion, [(CF350;),N]~; (¢) Remaining ionic liquids. Lines: full line,
experimental data trends; — MLY model, (w = 1.2; 1 = 4 nm); - - - MLY model, (w = 1.2; & = 0.9 nm); ---- MLY model,

(w=0.5;h =09 nm).

In our previous applications we have used values of / of 1 and 2 nm, and the results of
molecular simulations for SWCNT (8.17 nm long, 7, = 0.69 nm for the (10, 10) and 8.16 nm
long, rp = 0.48 nm, for the (7, 7)) in cyano-ILs [75], suggested h ~ 0.9 nm, while recent
work of J6zwiak et al. [81], using cryo-TEM, found & = 4 nm for [Comim][SCN]. In addition,
the thermal conductivity of the interphase IL-CNT was considered earlier an adjustable
parameter to fit the model. Here we have used our molecular simulation result, w ~ 1.2.
The results are also shown in Figure 15 for the pairs (w = 1.2; h = 0.9 nm) and (w = 1.2;
h =4 nm). It is clear that none of these combinations can reproduce the experimental data.

However, if we reduce the value of w <1, a value of w = 0.5 can reproduce the data.
This means in terms of the model, that the thermal conductivity of the interfacial layer is
1/2 of that of the ionic liquid. Figure 8 for [C4mim][N(CN),], Figure S15 for [C4mim][SCN]
and Figure 516 for [Cymim][C(CN)3] in reference [75] show the cylindrical distribution
function (CDF) for the (10, 10) and the (7, 7) SWCNTs, and, independently of the anion.
It is clear that outside the nanotube there is a symmetric organization by comparison to
structure on the inside of the nanotube (cation head-groups, NA and CR atoms, and anions,
N3A and NZA atoms, are closer to the inner wall of the nanotube, while the terminal C
atom of the alkyl chain is found near the centre of the nanotube, caused by the strong
interactions between the imidazolium ring and the nanotube). The interfacial layer has a
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first part without molecules (void, Figure 9¢, 0.2 nm (2 A)), then a second part composed
by anions and cations head-groups, separated by approximately 0.37 A (distance of peaks
N3A e NA), while the alkyl chains are preferentially directed to the bulk liquid, with 0.7 nm
(7 A), a total of 0.9 nm (9 A).
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Figure 15. The effective thermal conductivity of all IoNanofluids with MWCNTs studied, Maxwell, Hamilton & Crosser
and MLY models. Lines: - - - - MLY model, (w = 1.2; h = 4 nm); - - - MLY model, (w = 1.2; h = 0.9 nm); ... .. MLY model,
(w =0.5; h = 0.9 nm); — Maxwell model; — Hamilton & Crosser model.

This might explain a local density of the ionic liquid smaller than that of the bulk
liquid, so a smaller number of molecules are interacting with the MWCNT’s surface, and
therefore, the average thermal conductivity of the interphase being smaller than the bulk
value. If we take again Figure 9, namely 9¢c, where a model of the simulation is presented,
consistent with the snapshot 9b), the interfacial layers between the CNT walls and IL (in
and out) are clearly seen, including void spaces (no ions). Of course, in the real nanotube,
the interfacial layer is an envelope to the tube, along its axial length and there can be axial
effects of conduction as well as radial effects.

These findings contradict many assumptions found for nanofluids based upon non-
ionic liquids. A method used by Pal [99] to estimate the value of w from combined mea-
surements of the intrinsic viscosity and intrinsic thermal conductivity of a bulk nanofluid
suggests values of w for nanofluids of Cu and TiO,/EG between 2 and 4, while molecular
dynamics simulations by Liang and Tsai [100] found that interfacial layers have thermal
conductivity in a range 1.6 to 2.5 x Ay, for 1 = 1 nm. Recently, J6Zwiak et al. [81] found
the thermal conductivity of the nanolayer to be 2.7 to 45.6 times higher than that of the
base IL, using the MLY model, with & = 4 nm. Our results of molecular dynamics simu-
lation for a simulation for [C4mim][(CF350,),N], [C4mim][SCN][Cymim][N(CN),] and
[C4mim][C(CN)3], at 363 K, suggest values of w between 1.15 and 1.30. Figure 15 shows
the results for all the ionic liquids, where it can be seen that this model can only be used,
for the IoNanofluids studied, for w = 0.5 for 1 = 0.9 nm.

It is very interesting to compare these results with those obtained with the Maxwell [77]
and Hamilton and Crosser [86] models. The results obtained are also shown in Figure 15.
The Maxwell model agrees with MLY model for w = 1.2; & = 4 nm, while the Hamilton
and Crosser estimates a much higher thermal conductivity enhancement than those found
experimentally. None of these methods can be used for calculating the thermal conductivity
enhancement of IoNanofluids with confidence.
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These calculations were done for a temperature of 293 K. It is known that the thermal
conductivity enhancement varies with temperature, normally increasing with it. The MLY
model has two parameters that are function of temperature, namely the density and the
thermal conductivity of the base fluid, in our case the ionic liquid.

As an example, for [Comim][C,H50S03], for a weight fraction of MWCNTs of 1%,
the enhancement found experimentally varies from 8.6% at 293.8 to 11.2 at 343.4 K, the
corresponding values for a 3% weight fraction being 20.5% and 24.8%. This corresponds
roughly to a change of 25-30% in the enhancement for 50 K temperature variation. The
model, for the adjusted case of w = 0.5 and h = 0.9 nm, for 1% weight fraction yields 6.8%
at 293.8 K and 6.6% at 343.4 K, and for 3% weight fraction gives 20.8% at 293.8 K and 20.2%
at 343.4 K, almost constant within the uncertainty of the experimental measurements [69].
The same results were obtained for the other IoNanofluids, so that we can conclude that
MLY model is insensitive to temperature variations, while being sensitive, as shown
above, to the values of w and h, parameters which are usually unknown. This affects the
practicality of its use for estimating the thermal conductivity enhancement of IoNanofluids,
a result that can easily be extended to other nanofluids. However, if the values of the
adjustable parameters are known experimentally or by molecular simulation, it can be used
to estimate the thermal conductivity of selected IoNanofluids, as an approximate theoretical
estimation method.

6. Conclusions and Recommendations

The prediction, estimation, and correlation of thermophysical properties of fluids is a
very important task for science and engineering applications. However, the confidence that
can currently be attached to any calculation of these properties is highly dependent on the
methods used. As explained here, a molecular basis should be the pillar for the accuracy
and confidence of prediction. A review of the state of art of prediction and estimation
techniques for the thermal conductivity of ionic liquids and multi-walled carbon nanotubes
has been presented.

At present it is not possible to use complete molecular models and theory to predict
the thermal conductivity of ionic liquids. So, the word prediction should not be used in
the relevant literature. A series of estimation methods that enable the calculation of the
thermal conductivity can be used and were discussed in this paper, based on approximate
theoretical models (e.g., Bridgman model, with underestimates of up to 50%), heuristic
extensions of the theory (e.g., Van der Waals model, free volume theory, only applicable to
certain ionic liquids that were the basis of the scheme) or totally empirical information, such
as group contribution methods, or empirical relations between thermophysical properties
(e.g., Koller et al. method, with deviations of the order of £20%). Among these estimation
models, the van der Waals model seems to be the most successful and its extension to more
ionic liquids is recommended.

In the case of IoNanofluids of multi-walled carbon nanotubes, especially those covered
by this study, no clear dependence on the molecular structure of the cations and anions of
the base fluid could be discerned. Therefore, the mechanism of enhanced thermal energy
transfer, reflected macroscopically by the thermal conductivity of the IoNanofluid, is not
very dependent on the base ionic liquid (in contrast to the base fluid’s dependence on it),
but within the MLY model, very dependent on the interactions between the ionic liquid
moieties and the nanoparticles interface (tube walls), a fact also proved by molecular
simulations. The use of the MLY model showed that it is not sensitive to the observed
variation of the thermal conductivity enhancement with temperature, and very dependent
on the interfacial properties of the nanosystem, namely interface thickness and thermal
conductivity, its adjustable parameters.

The MLY model cannot be used without adjustable parameters. However, it can be used
to estimate the thermal conductivity of IoNanofluids if some information can be obtained
experimentally or by molecular simulation, which is only rarely available. In this case the
model falls into the category of estimation by using approximate theoretical methods.
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Finally, we should offer a final recommendation. When developing any kind of
estimation schemes, the quality of experimental data used must be assessed. This has been
discussed recently by Antoniadis et al. [101], who considered the necessary conditions to
secure accurate measurement of the effective thermal conductivity of two-phase systems
comprising nanoscale particles of one material suspended in a fluid phase of a different
material, using the transient hot-wire method. Tersinidou et al. [102] have reported, new
data for ethylene glycol with added CuO, TiO,, and Al,O3 nanoparticles and for water
with TiO,, and Al,O3 nanoparticles or MWCNTs, using both the transient hot-wire and
hot-disk instruments. In addition, Nieto Nieto de Castro and Lourengo [103], have critically
reviewed the best available techniques for the measurement of thermal conductivity of
fluids, with special emphasis on transient methods and their application to ionic liquids,
nanofluids, and molten salts.

The risks following from using all available data, without assessing its quality, can
restrict the usefulness and validity of correlations and estimation procedures developed
and cause several problems in the design of industrial equipment and processes.

Supplementary Materials: The following are available online https://www.mdpi.com/2311-5521/
6/3/116/s1. Table SM1—Literature references for experimental data for density, speed of sound and
thermal conductivity used for all the tests performed.
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