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1. Introduction

Ionic liquids have proved to be one of the most impressive classes of fluids, due to their
properties and applications to chemistry and engineering. One of the most recent applica‐
tions of complex systems of ionic liquids and nanomaterials are IoNanofluids, from heat
transfer to catalysis, solar absorbing panels, lubricants or luminescent materials. These novel
materials belong to the class of nanofluids proposed in the last years and are a mixture of
ionic liquid and nanomaterial, in the form of nanoparticle dispersion, and have already re‐
sulted in a number of publications in chemical and physical journals.

There are several reasons to study these new materials/fluids, rather complex in structure.
The most important property is their enhanced thermal properties, like thermal conductivity
and heat capacity, heat transfer and heat storage. The complex interactions existing between
the anion/cation of the ionic liquid and the nanomaterial surface create nano-regions that
can enhance reactivity and selectivity of chemical reactions. As the physiochemical proper‐
ties of ionic liquids themselves can be tailored to the desired application employing an ionic
liquid as a base fluid means IoNanofluids can also be designed to meet any specific applica‐
tion or task requirement. They also are non-flammable and non-volatile at ambient condi‐
tions and can, therefore, be considered as “green” fluids.

© 2013 de Castro et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



The possible scientific, technical and economic success of IoNanofluids open new markets,
as new products for engineering fluids, heat insulators, catalysts, etc., can be envisaged. In
addition, the replacement of environmentally aggressive chemicals, foams, solid composites
are in daily order, imposed by regulations or social responsibility. These new challenges
open new jobs for chemists, material scientists and engineers.

The precursors of the IoNanofluids are nanofluids. Their impact in the scientific/ technical
literature is very big. A total of 1575 nanofluids related publications, which include journal
and conference articles, patent, news, letter and other, have appeared over the past 11 years.
1 In Figure 1 it can be seen an exponential growthof the total number of these items publish‐
ed per year since 2002. It is also believed that there are more than 300 research groups and
companies worldwide involved in nanofluids research, a hot topic in an interdisciplinary
field. Several spin-off companies have originated from nanofluids research and the number
continues to increase.

Figure 1. Web of Knowledge record of nanofluids related publications

The current review, which focuses the syntheses of ionic liquids, the preparation of IoNano‐
fluids, their properties, experimental measurements, processes requirements and economic
impact, pretends to contribute to clarify the overall question, always present in the appear‐
ance of a new field, which crosses several minds: Will IoNanofluids be useful to our society?

Comparison between the IoNanofluids properties and those of the base ionic liquids will be
the key for understanding the role of the interface between the ionic liquid and the nanoma‐
terial in the determination of physical properties. The unexpected behavior observed in

1 Web of Knowledge©, January 1, 2002 to June 20, 2012
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some IoNanofluids and the difference observed regarding the base fluid is, in our view, the
most important aspect in this review.

2. Ionic Liquids

Ionic liquids (ILs) are materials composed entirely of ions, which have melting points below
100 ºC [1]. Such liquids are an elaborate network of ions which are governed by electrostatic
charges and hydrogen bonding [2]. More recently room temperature ionic liquids (RTILs) have
moved to the forefront of IL research due to their melting temperatures being below 30°C.
Generally the asymmetric form of the ions (usually the cation) reduces the Coulombic inter‐
actions which results in a lowering of the melting points, see figure 2. These liquids exhibit
favourable properties for solvent use due to the formation of air and moisture stable, low-
volatile liquids, low flammability [3] under ambient conditions high ionic conductivity
which also maintains their thermal and electrical stability over a large temperature range
[4,5]. With judicious tailoring of the cation-anion structure a range of ILs can be synthesised
with various pre-chosen physiochemical properties. This has resulted in them being applied
in a multitude of techniques including catalysis [6], elemental analysis [7], synthesis [8], so‐
lar absorbing panels [9], lubricants [10], luminescent materials [11] and supercritical fluids
[12,13]. Ionic liquids also provide very different solvent−solute interactions which can give
rise to distinct chemistries compared with molecular solvent systems [14]. In addition to
this, the use of ILs acting as both the solvent system and reactant/catalyst in a reaction proc‐
ess [15] makes them a “hot topic” for researchers. They have also been shown to immobilize
and stabilize catalytic complexes or even act as modifiers that accelerate the reaction [16].
These IL-catalyst systems can be recycled potentially reducing chemical waste and increas‐
ing the lifetime of the catalyst, further adding to the ‘green’ aspects of ionic liquids [17].
More recent understanding and analysis of catalytic reactions show that even so called be‐
nign ILs are now not considered chemically passive and are capable of modifying the cata‐
lyst resulting in differing chemistries [18].

Pioneering physical and chemical research in ILs where usually focused on imidazolium
based cations with the corresponding tetrafluoroborate ([BF4]-) or hexafluorophosphate
([PF6]-) anions. These were initially chosen due to their ease of synthesis and purification.
However, these ILs have been found to be of lower thermal stability and undergo hydrolysis
reactions resulting in the production of HF and BF3 [19]. Recently, hydrophilic fluorine
based anions such as bis(trifluorosulfonyl)imide ([NTf2]-) and the tris(perfluoroalkyl)tri‐
fluorophosphate ([FAP]-) have been developed. The stability of these anions is well estab‐
lished and has found many applications in the fields of catalysis [20]. Other halide free
anions include alklysulfate, alkylphosphate and alklycarbonate molecules.

The synthesis of all ionic liquids starts with the ’neutralisation’ of a Lewis base, typically al‐
kylimidazoles, trialkylamines including pyrolles and piperidines, trialkylphopshines and
pyridines are the most frequently used. For the synthesis of protic ILs, the Lewis base (rep‐
resented as methylimidazole) can be neutralised directly by the addition of a Brönsted acid,

Synthesis, Properties and Physical Applications of IoNanofluids
http://dx.doi.org/10.5772/52596

167



see Figure 3, step 1. However, some of these salts are generally thermally unstable or exist in
equilibrium with the free acid and base thus limiting their applications [21].

Figure 2. Common cations and anions used in air and moisture stable RTILs

For many ILs the preparation is strongly associated with the considerations about the re‐
quired purity of the ILs post synthesis. For example in the synthesis of imidazolium ILs, the
most common synthetic strategy involves the synthesis of the corresponding commercially
available alkylimidazolium halide (Cl- or Br-) followed by anion metathesis to the desired IL,
see Figure 3, steps 2 and 3. For hydrophobic ILs such as those containing the [NTf2]- and
[PF6]- anions, this can be achieved by anion exchange of the imidazolium halide with the
corresponding Li+, Na+ or NH4 + salt. Therein, the IL forms a separate phase which can be
further purified by washing with water to remove any remaining halide. The water solubili‐
ty of the ILs is very dependent on both the anion and cation present, and in general will de‐
crease with increasing organic character (alkyl chain length) of the cation and decrease with
increasing fluorinated character in the anion. For hydrophilic ILs such as those containing
the, [RSO4]- [CF3SO2]-, [BF4]- or [N(CN)2]- anions the corresponding Ag+ salt is used to precip‐
itate out Ag halide salt which can be removed by filtration.

Impurities in ILs such as water, halides, starting materials and organic solvents not only
have a profound effect on their physical properties [22] but have also resulted in significant
changes in reaction chemistry [23-27]. Within both these areas significant steps have been
made in the creation of cleaner and more economic routes to the preparation of ILs [28,29].

Other so halide free synthetic pathways involve direct alklylation to form the correspond‐
ing, alkylsulphate ([RSO4]-), alkylcarbonate ([RCO3]-) and trilfate ([CF3SO2]-) ILs, see Figure
3, step 4. The alkylsulphate [30] or alkylcarbonate [31] ILs which have found applications in
their own right can be further reacted to form the corresponding halide free hydrophilic ILs.
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Figure 3. General synthesis of air stable, metal free Ionic liquids

3. IoNanofluids

IoNanofluids are complex systems of nanofluids with nanomaterials. Before we deal direct‐
ly with these systems, a brief digression in the field of nanofluids will help to clarify the
properties and these especial fluids. The origin of the nanofluids is linked to the current
challenges faced by many high-tech industries and thermal management systems for cooling
of smaller features of microelectronic and more power output-based devices. The conven‐
tional method to increase the cooling rate is to use extended heat transfer surfaces but this
approach requires an undesirable increase in the size of the thermal management systems.
This fact, added to the thermophysical properties of the traditionally heat transfer fluids
(HTFs) used in industry, such as water, ethylene glycol (EG) or engine oil (EO) greatly limit
the cooling performance. This situation was partially overcome by the use of materials with
high thermal conductivity, such as nanomaterials suspended or dispersed in this type of
base fluids. Choi [32] at Argonne National Laboratory of USA coined the concept of “nano‐
fluids” to meet the aforementioned cooling challenges facing many advanced industries and
devices. This new class of heat transfer fluids is engineered by dispersing nanometer-sized
solid particles, rods or tubes in traditional heat transfer fluids and they were found to exhib‐
it significantly higher thermophysical properties, particularly thermal conductivity and ther‐
mal diffusivity than those of base fluids (BFs) [33-38].

From practical application-based studies such as convective and boiling heat transfer char‐
acteristics [39-45], nanofluids (NFs) were also found to be even more promising as their con‐
vective heat transfer coefficient and critical heat flux were reported to be substantially
higher as compared to those of their base fluids. In particular, nanofluids containing high
thermal conductive materials such as carbon nanotubes (CNTs) shows anomalously en‐
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hanced thermal performance [45-47]. This is justified by the great difference between the‐
thermal conductivity of CNTs (between 2000 and 3000 Wm-1K-1) and that of the base fluid
(0.6 Wm-1K-1 for water).2

The concept of “IoNanofluids” was recently proposed by Nieto de Castro and co-workers
[48] and it represents a very new class of heat transfer fluids where nanomaterials (particles,
tubes and rods) are dispersed in ionic liquids only [49]. Since IoNanofluids are a specific
type of nanofluids i.e., ionic liquids-based nanofluids, they are expected to have similar ther‐
mal properties than nanofluids, a fact that was proved recently by the authors [50]. The term
IoNanofluids is therefore a new term in multidisciplinary fields such as nanoscience, nano‐
technology, thermofluidity, chemical and mechanical engineering.The discovery that carbon
nanotubes (CNT) and RTILs can be blended to form gels termed as “Bucky gels” which can
potentially be used in many engineering or chemical processing such as making novel elec‐
tronic devices, coating materials, and antistatic materials and thus, it opens a completely
new field [51,52]. The “Bucky gels” are blends or emulsions of ILs with nanomaterials, most‐
ly nanocarbons (tubes, fullerenes, and spheres) and they are actually CNT laden IoNano‐
fluids. The possibility of using ionic liquids containing dispersed nanoparticles with specific
functionalization such as functionalized single-walled nanotubes (SWCNT), multi-walled
nanotubes (MWCNT) and fullerenes (C60, C80 etc.) opens the door to many applications. In
recent reviews the authors have shown the properties of the IoNanofluids and nanofluids
and highlighted their possible applications in different areas [9,53-55].

3.1. Manufacture of IoNanofluids

Although significant progress has been made in the last years, variability in the heat transfer
characteristics of the nanofluids so far reported is presented, with very different thermal
conductivity enhancements for the same systems. This variability may be the result of the
various synthetic techniques employed, and the purity of the starting materials. The manu‐
facture of nanofluids is delicate, as it does not mean necessarily a simple mixture of solid
particles and a liquid, in the thermodynamic definition, and the techniques used by different
authors are sometimes ill-defined [37,56].

Thus the synthesis of IoNanofluids can be a delicate operation. There are two main techni‐
ques used with normal solvents, the two-step process and the direct evaporation technique
or single step. Most researchers use the two-step process, by dispersing commercial or self-
produced nanoparticles in the liquid, a technique that can create large particle agglomerates,
which can be destroyed by adding surfactants or using mechanical or ultrasound dispersion
techniques.However the synthesis in situ seems to be the most efficient to produce very ho‐
mogeneous particles, with a narrow size distribution, originating long period stability, espe‐
cially for metal nanoparticles [57,58]. Aida and co-workers found that imidazolium-cation-
based ionic liquids were excellent dispersants for CNT’s, forming physical gels, that could
be reproduced using sonication or by grinding the suspension in an agate mortar with a pes‐

2 The thermal conductivity of molecular, organic and inorganic liquids, with the exception of molten metals, ranges
from 0.1 to 0.6 Wm-1K-1.
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tle. These techniques were followed by the current authors groups, to obtain very stable
emulsions, without surfactants, with 0-3% (w/w) loading of MWCNTs (Multi-walled carbon
nanotubes) in a range of imidazolium and pyrrolidinium ILs.

The importance of the purity of both starting materials and the technique used for manufac‐
turing the dispersed nanomaterial is very important. In first place, the ionic liquid must be
as pure as possible, as small quantities of water can affect its properties [59], and subse‐
quently those of the Ionanofluid. Although the preparation of the dispersions is made open
to atmosphere and therefore capable of introducing water in the samples, these were moni‐
tored by Karl-Fisher Coulometric analysis, and the amount of water in the pure ionic liquids
never exceeded 400 ppm before the measurements and 800 ppm after the measurements,
values that do not affect the thermal conductivity measurements [60].

The properties and characteristics of the nanomaterials are an extremely important issue.
Most of the nanomaterials are spherical, rod or oblong in shape. Current manufacturing pro‐
cedures can result in batch to batch variability as the degree of outer shell nanomaterial
functionalization caused during manufacture and geometries of the nanomaterials can
change3. One such example is in the case for silver nanoparticles, where 80% of the manufac‐
turers use polymer coatings of non-disclosed thickness and properties. These coatings deter‐
mine completely the heat transfer properties of the nanomaterials, and if we want to use
silver nanoparticles they have to be chemically treated to eliminate them. Many publications
on nanofluids systems previously reported were probably not aware of these problems and
therefore those results have to be confirmed.

Our current experience in Ionanofluid manufacture is based on MWCNTs, and therefore we
restrict our analysis to IoNanofluids based on these nanomaterials. However several studies
are currently in progress using TiO2 and Ag spherical particles, as well as nanomaterials de‐
livered from nature [9,61-63].

The IoNanofluids based on MWCNTs must obey the following conditions: homogeneous
dispersion, stable over a great period of time (not producing phase separation, even at a mi‐
cro scale), and be free of additives, such as surfactants or salts. In addition, one of envisaged
applications involves their use as heat transfer fluids, a control of viscosity is crucial, in or‐
der to create fluids with sensible heat transfer coefficients in dynamic regime (good fluidity).
The preparation procedure involves weighing the nanomaterial, addition to the ionic liquid
and introduction into the sonicator cell. Optimization of the time and sonication energy, vis‐
ual observation for phase separation of the IL from the Ionanofluid is crucial4. Excessive
time and high energy can result in the break-up of the Ionanofluid and breakage of tube
walls. Moreover, impurities in the glass cells can lixiviate them and introduce further ele‐
ments into the dispersion. The IoNanofluids dispersions produced are then allowed to settle
several hours before the thermophysical properties measurements. The existence in micro‐

3 In a majority, the producers of nanoparticles do not disclose the real structure of the particles, the presence of poly‐
mer coatings or oxidative type reactions
4 The dispersion is black, as shown in Figure 4. Therefore a great care as to be taken in the observation, helped by
reflected light analysis through the suspensions
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phase separation is controlled by measuring the properties of the dispersion, in several occa‐
sions. As an example, for thermal conductivity, dispersions in [C2mim][dca], were measured
within an interval of one year and their values did not differ by more than 2%, well within
the uncertainty of the measurements [60]. Figure 4 illustrates the main steps for the prepara‐
tion, starting with the ionic liquid, adding the carbon nanotubes, using the sonicator probe
and finally the dispersion.

3.2. Experimental properties and their impact on process equipment design

As described above, the most important thermophysical properties for heat exchange equip‐
ment design are thermal conductivity, heat capacity, density and viscosity. They control the
dynamics of heat transfer, namely the heat transfer coefficients and the heat transfer areas of
the exchangers. In order to decide if any fluid can be used as an alternative to current engi‐
neering fluid, there are two essential questions to answer:

1. Are the properties of the fluid adequate to the process(es) where it will be used?

2. If the answer to the first technical question is affirmative, is the fluid economic competi‐
tive?

The answer to the first question raises another two problems: a) how accurate the thermo‐
physical property data available is and b) what is the sensitivity of the main design parame‐
ters in heat exchange (heat transfer area, flow rates, pressure drops) are affected by the
uncertainty of those properties. These factors will be discussed in detail below.

Figure 4. Main steps for the preparation of IoNanofluids with MWCNTs.

The determination of experimental values of the thermophysical properties of ionic liquids
has been discussed in two recent reports, regarding the methods of measuring (existing and
foreseen new developments) and how important is to characterize the samples in order to
trust the measurements made with the highest accuracy available [59,64].This fact, using
ionic liquids as base fluids for the nanofluids, is very important as they can absorb water
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from the environment. As an example, Table 1 shows the results obtained for 3 ionic liquids
in our laboratory, which were used for IoNanofluids preparation [60]. The ILs were ob‐
tained from Io-Li-Tec, DE, dried under vacuum for several days at approximately 60ºC and
the water content was determined with a Karl-Fisher Coulometer.

The effect on the measured values of the properties depends on these, being more signifi‐
cant for viscosity [65,66]. For thermal conductivity an effect of 1000 ppm (0.02 in the molar
fraction of the mixture), the maximum effect at 70ºC5 is 0.2% (much smaller than measure‐
ment uncertainty). These results show that it is very important to characterize the samples,
determining its water content, before and after the measurements, a fact that has not been
recognized so far by many authors and journal editors.

The methods used to measure the thermophysical properties have also to be well character‐
ized: many deviations between data obtained by different methods and different laborato‐
ries are caused by ill-defined measuring methods [59,64]. It is not the purpose of this review
to describe the best experimental systems, as a full discussion was presented before [64].
However the readers should be attentive to this problem. It is very tempting for some re‐
search group that enters the field of ionic liquids to use equipments already available, using
measuring cells that sometimes are not adequate. In addition the availability on the market
of reliable measuring instruments also creates an opportunity for “fast” data production.

Ionic Liquid
Manufacturer

Purity / %

Manufacturer

H2O / ppm

After Drying

H2O / ppm

After Measurements

H2O / ppm

[C2mim][dca] >98 1850 234.7 ± 48.6 488.9 ± 58.6

[C4mim][dca] >98 1480 324.9 ± 86.4 683.6 ± 41.7

[C4mpyr][dca] >98 1710 349.6 ± 47.9 637.0 ± 57.0

Table 1. Water content of 3 ionic liquids, before and after the thermal conductivity measurements

Other factors are known to affect the determination of experimental values, not strictly de‐
pendent of the instrumental methods used. For example the compatibility of ILs with seals,
gaskets and metals contained in the measuring cell is very important. Ionic liquids anions
and cations can be very different in size and to date most of the existing information has
been obtained for imidazolium cations, making it difficult to generalize for other non-imida‐
zolium ionic liquids. These ions are not mutual independent, can form aggregates and com‐
plicate structures in the liquid phase. In addition the viscosity is moderate to high, the
liquids are electrical conducting and the heat capacity per unit volume is rather high. All
these factors condition heat and mass transfer in the transport properties determination and
must be known “a priori” to avoid systematic errors.

An example selected from reference [64] is sufficient to illustrate the point about “bad” and
good” measurements. Figure 5 shows the heat capacity of [C4mim][BF4], obtained using DSC

5 The effect decreases the value of the thermal conductivity and increases with temperature
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[67-73]. A wide variation between the datasets of up to 20 % at room temperature is ob‐
served. This situation is very uncommon in calorimetry; however it is known that, apart
from differences in sample purity, the DSC used must be well calibrated before use, a fact
which could also help to explain the scatter of data. However, it can be seen [50] that 5 sets
of data agree within 2%, within their mutual uncertainties [50,67,68,72,73], a result that
would be considered excellent for DSC data, the most popular measuring method, due to its
speed and excellent repeatability. Bearing in mind that handling and measuring ILs physical
properties is not trivial, the authors would like to recommend a careful analysis of all these
aspects prior to making measurements and reporting data.

The second point to analyze is how the sensitivity of the main design parameters in heat ex‐
change (heat transfer area, flow rates, pressure drops) are affected by the uncertainty of
those properties. This was the subject of many publications in the past, and recently we have
applied this to ionic liquids. Using the same methodology [74], analyzing the effect of the
uncertainty of thermophysical data of ionic liquids (density, heat capacity, thermal conduc‐
tivity and viscosity) in the design of some current equipment, used in processes as solvents
or heat transfer fluids. Data has been collected from IL Thermo database [75] for alkylme‐
thylimidazolium, [Cnmim]- liquids, with [BF4]- and [PF6]- anions. This was justified by the
fact that the thermophysical properties of ionic liquids, measured in different laboratories
and by different methods do not agree within their mutual uncertainties. This was probably
caused by incorrect methods of measurement and/or purity problems, as stated above. Re‐
sults obtained show that the influence of actual errors in the thermophysical properties of
ionic liquids can render any future design of chemical plant equipment as not working or
excessively costing. Although the actual cost of ionic liquids is higher than conventional
heat transfer fluids, the future production of higher quantities can make their use competi‐
tive, especially if a target price of 25US$/kg is achieved.

The heat storage capacities of [BF4]- and [PF6]- and other ionic liquids, containing anions like
[C2H5SO4], [(CF3SO2)2N], [CF3SO3] and [C8H17SO4], which can be considered as possible re‐
placements of current heat transfer fluids, have been analyzed. A comparison with the prop‐
erties of synthetic compounds (based on hydrocarbons, polyaromatics and siloxanes),
showed that common imidazolium IL systems have higher heat capacities per unit volume
than high performance commercial thermal fluids, such as Paratherm HE(a registered mark
of Paratherm Corporation) and Syltherm 800™, Syltherm HF™ Dowtherm A™ and Dow‐
therm MX™ (trademarks of Dow Chemical Company, USA) [75]. Details of the methodolo‐
gy application can be found in this reference. The analysis was limited to study the effect of
the uncertainty in the properties in the major design parameter, the heat transfer area, in a
preselected heat transfer equipment, a shell and tube heat exchanger, as it reflects the
changes in the design arising from the changes in the thermophysical properties of the ionic
liquid process stream. This also permits a more facile estimation of the economic consequen‐
ces of these changes in the design.
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Figure 5. Existing values of the heat capacity for [C4mim][BF4] as a function of temperature (2010). - Nieto de Castro et
al. [50]; - Van Valkenburg et al. [67]; - Rebelo et al.[68]; - Kim et al.[69]; - Fredlake et al. [70]; - Waliszewski et al. [71]; -
Garcia-Miaja et al. [72]; - Garcia-Miaja et al. [73].

The equipment chosen is one modern solar power plant that uses a molten salt receiver as
thermal energy storage system, which captures the sun's energy and stores it in hot molten
sodium nitrate or molten nitrates mixtures, so that power can be generated when needed, not
just when the sun is shining. The heat transfer unit uses a molten salt through oil to salt heat
exchanger [76,77]. The molten salt mixture used was replaced by a ionic liquid, one set of
reference conditions for the operation were chosen based on a given set of values of the
thermophysical properties and then the assigned values were perturbed about their refer‐
ence values, within ranges commensurate with the actual stage of experimental uncertainty
reported in IL Thermo database [75]. The effect of the uncertainties of the thermophysical
properties of the ionic liquids can be calculated by calculating the new heat transfer area A 0

and its variation A as a function of the variation in percentage of the thermophysical proper‐
ties, ,Δρ ,Δη ,Δλ and ΔCP. Figure 6 shows in a 3D plot the effect of ΔCP and Δλ in ΔA for [C2mim]
[BF4], using again the viscosity uncertainty, Δη as a parameter for the surfaces. The density is
not shown, as this is the property known with less uncertainty. Not using extreme values,
whereby the area can be overestimated by 50 %, an error of + 20 % in viscosity, - 20 % in thermal
conductivity and -10 % in heat capacity generates an error of + 20 % in the area of the heat
exchanger.

From the results presented we can conclude that the effects of the uncertainty in the thermo‐
physical properties of RTIL’s are high and that the heat transfer areas (see Table 2) are high‐
er than those obtained with the used heat transfer oils. The exception to this is [C2mim][BF4].
These effects can render equipment obsolete and/or induce additional operational costs, well
above of those estimated by design. When a heat exchanger is built, its cost will be weakly
dependent on the size/length of the pipes, but highly dependent on the heat transfer area
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and the operational costs will increase significantly with size. However, to increase the ca‐
pacity of the unit after having been built would represent an additional cost, possibly small‐
er than replacing it with a new unit. Therefore, the wise approach would be to obtain good
experimental measurements of the heat transfer used, as described above.

Figure 6. 3D plot of the effect of uncertainty of heat capacity (CP ) and thermal conductivity () for [C2mim][BF4] on the
area (A) of a shell and tubes heat exchanger,using viscosity uncertainty, , as a parameter for the surfaces (upper, + 20
%; lower, - 20 %); the lines in the planes represent the maximum and minimum values of the area variation for ± 20
%, , and ± 30 %, ---, in Δλ and ΔCP. Adapted from [74].

In order to determine whether ionic liquids are economic as practical heat transfer fluids the
costs of heat transfer equipment need to be examined. Details of the cost estimation of the
heat exchanger can be found in [75]. The total cost required for a new design can be broken
in five parts [84], the battery limits investment, the utility investment, the off-site invest‐
ment, the engineering fees and the working capital. From these, we were concerned first
with the battery limit investment, which is the cost of individual plant items and their instal‐
lation to form the working process. The cost of the heat exchanger will be a function of its
size (were the type of heat exchanger and the heat transfer area are critical), the materials of
its construction (materials compatibility between metal parts and heat transfer fluids), de‐
sign pressure and temperature, and it can be given by:

E B M P T
B

m
XC C f f f
X

æ ö
= ç ÷

è ø
(1)

where CE represents the cost of the equipment with a given capacity X (here the heat trans‐
fer area, A0), CB the base cost of a reference equipment with a capacity XB, and m a constant
depending of the equipment type (m=0.68 for a shell and tube heat exchanger). The base cost
of a carbon steel shell and tube heat exchanger, with a heat transfer area of 80 m2 would be
3.28104 US$. fM is the correction factor for materials of construction different from carbon
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steel, fP the correction factor for design pressure and fT the correction factor for design tem‐
perature. Values used for these factors can be found in references [74, 84].

The results obtained for the estimated costs for the shell and tube heat exchangers using the
different heat transfer fluids are shown also in Table 2. Keeping other factors constant the
heat exchangers for the [PF6]- based RTIL’s are significantly more expensive that the conven‐
tional fluids. However [C2mim][BF4] IL is only moderately more expensive. Depending on
the process, it may be possible to obtain savings in the ILs equipment, either by changing
other design variables (De, Di, pressure drops, materials, temperatures of the cold and hot
streams, etc.,) or, by using other ionic liquids than the ones tested, especially those ILs with
lower viscosity values. In addition, the cost of ionic liquids, which is currently in the order
of 100-500 US$/kg for research due to high value of the personnel costs involved at this
scale, are now evolving for industrial production to targeted prices of 25 US$/kg [85], a val‐
ue which makes them valuable alternative heat transfer fluids, from the economic side. For
example, the ionic liquid [C2mim][EtSO4] is now available on an tonne scale, from Solvent
Innovation GmbH, Cologne (www.solventinnovation.de) or BASF AG (www.basionics.de).

Heat Transfer

Fluid

ρ

/kgm-3

CP

/Jkg-1K-1

η/mPas λ

mWm-1K-1)

A0

/m2

CE

/k$

[C4mim][PF6]

(50ºC)

1346 ± 183 1493 ± 3079 68.8 ± 1.883 146 ± 781 480.75 738

[C6mim][PF6]

(50ºC)

1273 ± 378 1409 ± 6179 111.9 ± 3.280 146 ± 781 634.60 891

[C2mim][BF4]

(50ºC)

1280 ± 278 1600 ± 2567 15.9 ± 1.182 196 ± 667 217.29 430

Dowtherm A™

(50ºC)

1041 1632 2.12 134 138.60 317

Dowtherm MX™

(100ºC)

905 1870 2.09 114 159.08 348

Syltherm 800™

(80ºC)

882 1711 3.86 124 202.86 410

Syltherm HF™

(80ºC)

811 1830 0.83 92 135.47 312

Table 2. Values of Heat Transfer Liquids Properties, Reference Area A0and Estimated Costs for the Shell and Tube Heat
Exchanger

For IoNanofluids, there is only one study, still unpublished, performed in Lisbon laboratory
[86], with [C4mim][NTf2] and [C2mim][EtSO4] and MWCNTs. As no data is available for the
heat capacity and viscosity enhancements6, we have assumed for the corresponding en‐
hancements Eλ = Eη, ECp = 1.5; 2; 5 % and Eρ = 0. Figure 7 shows the variation in the area A of

6 Measurements are under progress
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the same heat exchanger as a function of the volume fraction of the Ionanofluid7. The data
points are labeled to show the values of the areas obtained. The maximum enhancements in
the thermal conductivity were found for the 3% w/w IoNanofluids, around 25% for [C4mim]
[NTf2]. The effect, only of the thermal conductivity enhancement can be as much as 20% de‐
crease in the area, and therefore in the cost of the heat exchanger, saving about US$ 20 mfor
a 20% volume fraction of MWCNT (3% w/w), a value very significant. Progress in the exper‐
imental measurement of density, heat capacity and viscosity of these IoNanofluids will be
reported soon.

Figure 7. AovsCNT for ionic liquids and IoNanofluids. - fluids based on [C4mim][NTf2]; - fluids based on [C2mim][EtSO4].
Close to each data point is the cost of the heat exchanger, in US$.

3.3. Other process requirements

There are a number of factors that have to be considered to make the possible the use of
these IoNanofluids in industry. We restrict the discussion associated with the analysis of
thermal stability and toxicity.

3.3.1. Thermal stability

The thermal stability of the IoNanofluids has two major components: the thermal stability of
the ionic liquid base fluid and the thermal stability of the dispersion, on a long term. These
are facts that have to be studied. In the case of ionic liquids there is already a substantial
amount of information that allow us to be confident that it is easy to target an operational
value of 200ºC8, especially for the liquids mentioned in this review. However, ionic liquids

7 As the densities of the carbon nanotubes are much smaller than those of the base fluids, the volume fraction is much
greater than the weight fraction (0.5, 1, 3%)
8 In a great majority of chemical processes, temperatures for heat transfer above 200ºC are not used, for energy cost
reasons
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have the tremendous advantage of being target designed, so there will be always the possi‐
bility of synthesizing a new high temperature ionic liquid. However the thermal stability of
the IoNanofluids is a totally different game, as the homogeneous system can be transformed
in a heterogeneous phase, with micro phase equilibria, promoting aggregation of the nano‐
materials and/or phase separation, at a micro or macroscopic level. In principle, the increase
in temperature will facilitate the homogeneous system, due to the increase in entropy of the
base fluid. No data is yet available for temperatures above 70ºC, so any further conclusion
will be premature. New studies in this area are needed.

3.3.2. Toxicity of ionic liquids, nanomaterials and IoNanofluids

Regarding toxicity, there are not any studies for IoNanofluids, and none to date for nano‐
fluids. In the absence of any additional effect, the toxicity of an Ionanofluid will be a sum of
the toxicity of the base ionic liquid and that of the nanomaterial used. For ionic liquids, our
current knowledge is still scarce, and without long term consequences, but some conclu‐
sions can already been suggested [87,88]. Following the extensive review by Petkovic et al.
[87], “it is clear that the numerous formulations of ionic liquids available provide a great
pool of, and impetus for, many commercial applications, but not without significant toxico‐
logical and environmental concerns. The vast majority of toxicological studies on ionic liq‐
uids, available up to the present date, have focused on imidazolium ionic liquids. In
addition, frequently, the ionic liquids ‘‘selected’’ for study tackled under a common assay
were randomly chosen. Despite the scientific weight of these studies, the lack of systematisa‐
tion (e.g. monitoring the effect of defined structural alterations in a specific head group)
means that it is impossible at the moment to achieve a holistic analysis, which weakens con‐
clusions and devalues the predictive algorithms under development.”(citation) Some prob‐
lems regarding the selection of the bioassay, namely subjectivity and regional–orientation
restrict generalizations. Legislation demands and standardised tests should be kept as a pri‐
ority, engaging models of different complexity. The environmental persistence of any chem‐
ical should be taken as one of the most critical ecotoxicological parameters [88].

The European Community regulation on chemicals and their safe use—REACH (Registra‐
tion, Evaluation, Authorisation and Restriction of CHemical substances)—[89] aims to in‐
crease the awareness of the industry on hazards and risk management. REACH registration,
in force since 2007, is mandatory for any chemical produced in the quantity over one tonne
per year. Although it is being criticised for itsever-increasing cost and the number of ani‐
mals employed intesting, [90] REACH undoubtedly provides a meaningful, and necessary,
framework to raise human and environmental safety. Currently, only the ionic liquids
which have already found application on industrial scale are undergoing REACH registra‐
tion. As an example, as [C2mim][X] (X=Cl-, [C2SO4]-, [C1SO3]-,[O2CMe]- and [NTf2]-) and
[C4mim][Cl] [91], but there are nodoubts that this number will continuously increase.It ap‐
pears, however that the cytotoxicity of ionic liquids cannot be systematically estimated by a
summation of the independent effects of the cation and anion [92, 93]. Moreover, mixtures
(binary or ternary) of ionic liquids have been rarely investigated [94].
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The next components of IoNanofluids to be analysed are the nanomaterials used. However
the toxicity of nanomaterials, although present in small mass content in the IoNanofluids,
raises several problems and requires certain rules to be obeyed.

First, the nanomaterials dispersed in the IL have different chemical and physical properties
than those of bulk materials of identical composition. It is then reasonable to expect that the
biological properties of nanomaterials are different as that of bulk materials. Secondly, nano‐
materials may be unique in environmental or biological systems. The properties of a nano‐
particle in nonpolar solvents change when extracted into the aqueous phase; furthermore,
nanoparticles in biological fluids (buffered solutions, cell culture media, or blood) may be‐
have differently, as well. The nanoparticle surface is the part of the nanoparticle system that
will have direct interactions with the biological entity (as with the ionic liquid); therefore,
the surface of the nanoparticle will influence the biological response. Finally, a full charac‐
terization profile of the nanoparticles system being tested in biology must be reported [95].

The identity of the nanoparticle sample must be known in order to accurately report the
positive, negative, or neutral effects of nanoparticles in vitro or in vivo. National and inter‐
national standards committees (such as International Organization for Standardization,
American Society for Testing and Materials, and International Council on Nanotechnology)
have begun to establish recommendations for adequate nanomaterial physicochemical char‐
acterization data relevant to toxicology. These recommendations come from the literature of
a variety of disciplines, including biological, environmental, and material sciences [96-98].

There are a few key points that the growing body of nanotoxiciology literature has taught us.
First, morphological characterization, such as particle size and shape, should be measured in
the most dispersed state achievable. Second, ideally, particle characterization data should be
measured under conditions as close to the point application as possible a property should be
measured using more than one method. The successful development of safe nanomaterials
requires  a  strong collaborative  effort  between toxicologists,  physical  scientists  and engi‐
neers. All characterization data should be validated using multiple techniques. Scientists from
chemistry, biology, and engineering backgrounds must work together to address issues relat‐
ed to the potential impacts of nanomaterials, nanocomposites, and nanoparticle-containing
consumer and medicinal products on the environment, human health, and even the synthe‐
sis and manufacture of nanomaterials.  The ultimate goal of this collaborative effort is to
determine the effects of nanomaterials in environmental and biological systems [95].

One key property essential to an understanding of the responses between nanomaterials
and biological systems is the interaction between cells and the surface of the nanoparticle.

Primary characterization is performed on particles as-synthesized or as-received: in its dry
native state. Secondary characterization is performed on particles in the wet phase as a solu‐
tion or suspension in aqueous media. This media could be in ultrapure water, vehicle solu‐
tion, or cell culture media (prokaryotic or eukaryotic). Physical and chemical
characterization relevant to toxicity testing includes size and size distribution (including ag‐
gregation/agglomeration/coagulation state), concentration and purity, surface activity/reac‐
tivity, particle composition of surface coatings. Tertiary characterizations are performed on
particles following interactions with cells under in vivo or in vitro conditions, and imaging
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the nano–bio interface. Characterization data and functionality information of nanoparticles
suspended in serum, media, buffers, or other biological fluids may be different than data
gathered in water. Determining the toxic effect of a nanomaterial is a challenging endeavour
because each study requires a comprehensive material characterization component (which
includes both physical and chemical properties) and adequate toxicological evaluation (rele‐
vant to the hypothesized route of exposure and eventual biological fate) [99].

It is difficult to produce nanomaterials on a large scale, because the mass of material pro‐
duced is very small. One gram of nanoparticles is approximately equivalent to one billion
particles. The immediate challenge of toxicological studies of nanoparticles is not only pro‐
ducing enough material for a complete in vivo study, but to also produce enough material
for characterization purposes. Therefore, both new toxicological testing and characterization
methods are needed when tackling this problem. New methodologies, as well as, standardi‐
zation of common techniques are needed within the realm of determining the safety of
nanomaterials [95,100].

Finally this problem must be tackled as a logical sequence from laboratory synthesis to in‐
dustrial production. The priority aspects will be the ecological, human health, and waste
elimination besides the costs of the full operation, as the functionalities of IoNanofluids are
many and extremely varied. The most important parameter to be considered is the interfer‐
ence parameter for the mixtures (interfacial behaviour), a logic consequence of the primor‐
dial role of the nanomaterial – IL interaction [96]. A wide range of physicochemical
properties are relevant to toxicology, like particle size distribution, morphology, chemical
composition, solubility and surface chemistry and reactivity [95]. Not a single method can
be used, but combinations of standard tests have to devise.

Some authors state that the surfactant may cause physical and/or chemical instability prob‐
lems. The use of surfactants or any other additives to stabilize the microemulsions of the
nanofluids can be worse than the nanomaterials and ionic liquids [99,100].

A new network of existing infrastructures to ensure a cost-effective and time-efficient ex‐
amination of health, safety, and environmental aspects of nanomaterials throughout Europe
and linking effectively with other international related activities is urgently needed, through
European Chemical Agency, ECHA [101].

4. Theoretical Modelling of Nano and IoNanofluids

Since nanofluids were found to exhibit anomalously high thermal conductivity which can‐
not be predicted by the existing classical models, based on macro and nanoscale mecha‐
nisms numerous theoretical models for nanofluids have been developed over the last
decade [37]. However, most of these models are neither validated with wide ranges of nano‐
fluids systems nor accepted widely. On the other hand, no theoretical model so far is availa‐
ble (to the best of our knowledge) for the prediction of thermal conductivity of this newly
emerged IoNanofluids. Thus, in an attempt to predict the effective thermal conductivity of
IoNanofluids, representative classical model as well as recent models are used here.
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The effective thermal conductivity of suspensions of milli- or micro-sized solid particles can
be predicted by numerous classical models like the most popular Maxwell [102] and Hamil‐
ton-Crosser [103] models. The Maxwell model for the effective thermal conductivity (λeff) of
suspensions of spherical inclusions can be expressed as [102]:

λeff =λf
λp + 2λf + 2ϕp(λp - λf)
λp + 2λf - ϕp(λp - λf)

(2)

where ϕp is the particle volume fraction, and f and p are the thermal conductivities of the
base fluid and particle, respectively.

The Maxwell model [102] was later modified by Hamilton and Crosser [103] for the effective
thermal conductivity of both the spherical and non-spherical particles by using a shape fac‐
tor. Their model is a function of the thermal conductivities of both solid and liquid phases,
volume fraction, and the shape of the disperse particles. The Hamilton-Crosser model [103]
has the form:

λeff =λf
λp + (n - 1)λf - (n - 1)ϕp(λf - λp)

λp + (n - 1)λf + ϕp(λf - λp) (3)

where the shape factor n = 3 for spherical particles and n = 6 for cylindrical particles. For
spherical particles, Eq.(3) reduces to Eq.(2).

Most of the researchers working on nanofluids [37] found these classical models are unable
to predict the anomalous thermal conductivity of nanofluids. Therefore, many theoretical
studies have been carried out to understand the heat transfer mechanism and to develop
models for predicting the effective thermal conductivity of nanofluids [37]. Among a hand‐
ful of efforts, by taking into account the effects of particle size, concentration, and interfacial
nanolayer two models for the prediction of thermal conductivity of nanofluids (λeff-nf) con‐
taining spherical and cylindrical nanoparticles were developed by Murshed et al. [36]. The
model for suspensions of spherical nanoparticles is expressed as [36]:

λeff-nf =λf
ϕpω(λp - ωλf) 2γ1

3 - γ 3 + 1 + (λp + 2ωλf)γ1
3 ϕpγ 3(ω - 1) + 1

γ1
3(λp + 2ωλf) - (λp - ωλf)ϕp γ1

3 + γ 3 - 1
(4)

where ω =λlr / λf, γ =1 + t / rp ,γ1 =1 + t / (2rp) ,rp is the radius of the particle, t and λlrare the
thickness and the thermal conductivity of interfacial nanolayer, respectively. On the other
hand, model for the cylindrical nanoparticles has the form [36]:

λeff-nf =λf
ϕpω(λp - ωλf) γ1

2 - γ 2 + 1 + (λp + ωλf)γ1
2 ϕpγ 2(ω - 1) + 1

γ1
2(λp + ωλf) - (λp - ωλf)ϕp γ1

2 + γ 3 - 1
(5)

Although the thickness of nanolayer (t)is considered to be 1 nm [36], the thermal conductivi‐
ty of a nanolayer still cannot be determined by experimental or theoretical means. However,
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the orderness and orientation of fluid molecules absorbed on a nanoparticle surface result in
an intermediate value of thermal conductivity of nanolayer i.e., λf<λlr<λp. Hence, the thermal
conductivity nanolayer is given byλ1r =ωλf, where ω>1 is an empirical parameter which de‐
pends on the orderness of fluid molecules in the interface as well as the nature and surface
chemistry of nanoparticle. In this study, t = 1 nm and ω=1.2 were used.

The measured and predicted thermal conductivity of nanofluids and IoNanofluids were
compared in our previous study [104] and it has been depicted here. It can be seen from
Figure 8that while the recent model by Murshed et al. [36] (i.e., Eq.(4)) shows fairly good
prediction of the effective thermal conductivity of [C4mim][NTf2]-based Ionanofluid at low
concentration of multi-wall carbon nanotubes (MWCNT), classical Hamilton-Crosser model
[103] severely over-predicts the results. It is noted that the weight concentrations of
MWCNT were converted to corresponding volumetric concentrations for the predictions by
both models. Due to almost identical thermal conductivity values of both base ionic liquids
i.e., [C4mim][NTf2] and [C2mim][EtSO4], both models give similar predictions for [C2mim]
[EtSO4]-based Ionanofluid [104]. However, at a high MWCNT concentration of 3 wt %
(equivalent to 19.3 volume %) it is anticipated that the increase in thermal conductivity will
not be as high as for the low concentration and any classical or recent model can easily over-
predict the thermal conductivity at such a high concentration. This is mainly due to absence
of dynamic mechanism for such high concentration.

Figure 8. Comparison between predicted and measured thermal conductivity of nanofluids and IoNanofluids as a
function of MWCNTconcentration [104]. - [C4mim][NTf2] + MWCNT; - [C2mim][EtSO4] + MWCNT; - water + MWCNT;- - -
Eq. (3) for [C4mim][NTf2] + MWCNT;Eq. (5) for [C4mim][NTf2] + MWCNT.

Although by adjusting fitting parameters nanofluids´ thermal conductivity models [36] can
be used for IoNanofluids, it is important to understand the underlying mechanisms and to
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develop model for thermal conductivity and other thermo-physical properties of IoNano‐
fluids by taking into account electrochemical factors and molecular level structuring and in‐
teractions of both the base ionic liquids and the dispersed nanoparticles.

5. Conclusions and Looking Forward

IoNanofluids are shown to be a very interesting class of nanofluids for many engineering
applications, namely in heat transfer and storage. Although there are still a short number of
publications with IoNanofluids, the number is definitely increasing, as a very recent paper
with grapheme shows [105]. Regardless of the small current industrial production of ionic
liquids, the base fluids, it is expected to increase in a short term, because the properties of
ionic liquids are very attractive as green solvents and reactants. The evolution of their chem‐
istry has been tremendous and therefore, the price of their production will decrease to levels
that will make them competitive with current fluids used in industry.

The manufacture, handling and characterization of IoNanofluids is still in development, but
it is thought that significant progress will be made in a near future, namely in the nanoparti‐
cles and emulsions characterization. Further fundamental and applied studies are needed.

One special topic of concern is the toxicity of IoNanofluids, a reflex not only of the toxicity
of the base ionic liquids but also of the constituent nanomaterials. Depending on the ionic
liquids used, the systems can be toxic and all the users must be aware of it. However those
IoNanofluids based on hydrophilic ionic liquids are a safe choice. In addition, there is also a
risk with the nanomaterials used, and there is a wide awareness of how important is to
study their effect in vitro and in vivo systems. A wide range of physicochemical properties
are relevant to toxicology, like particle size distribution, morphology, chemical composition,
solubility and surface chemistry and reactivity. The specific interactions of the ionic liquids
with the nanomaterials can alter the individual toxicity of them. Many studies are still neces‐
sary to reach all the necessary conclusions and compliance with existing legislation, namely
in Europe.

The application of existing models to predict the behaviour of the IoNanofluids, namely the
enhancement in the thermal conductivity, showed that it is fundamental to understand bet‐
ter the mechanism of heat transfer in these systems, namely the role played by the interface
ionic liquid (cation and anion)-nanoparticle, whatever shape they have. This needs theoreti‐
cal developments and molecular simulation studies that will give the insight for developing
new heat transfer models.
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