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A B S T R A C T

Despite the focus of many studies on the preparation, characterization, and potential applications of solvent-free
nanofluids based on diverse nanomaterials, fewer studies have focused on how to control the macroscopic liquid-
like behaviour of solvent-free nanofluids. The present study prepared a halloysite-based solvent-free nanofluid
and developed a facile method of tuning the fluidity of this nanofluid by preheating halloysite (Hal) at different
temperatures. The effects of preheating on the structure and surface functional groups of halloysite and further
on the fluidity of the obtained nanofluids were explored. Heating Hal at 110 °C resulted in little changes to its
surface functional moieties, and the obtained nanofluid (Hal110-F) did not exhibit a markedly different fluidity
compared with Hal-F at room temperature, though Hal-F and Hal110-F had different melting temperatures and
exhibited different fluidities at a lower temperature. While for Hal heated at 700 °C, the corresponding nanofluid
(Hal700-F) exhibited a lower fluidity than Hal-F and Hal110-F due to the remarkable calcination-induced changes
in the species/amount of surface functional moieties of Hal700. This method for controlling the fluidity of the
nanofluids via a facile core pretreatment was believed to be versatile for most, if not all, solvent-free nanofluids.

1. Introduction

Novel solvent-free nanofluids that exhibit macroscopic liquid-like
behaviour (e.g., fluidity) in the absence of solvents at or near room
temperature have been attracting much research interest since it was
firstly synthesized (Bourlinos et al., 2005a). The properties of the ob-
tained solvent-free nanofluids are related to their inherent structure,
which consists of an inorganic core functionalized with a covalently
bonded organic corona and an ionically tethered, bulky counterion as a
canopy (Jespersen et al., 2010). The organic corona and canopy are also
referred to as an organic shell (Lei et al., 2008; Yu and Koch, 2010). At
certain conditions (e.g., at a relatively high temperature), the shell
endows the nanofluid a fluidity via the rapid exchange of the block
canopy between the ionically modified nanoparticles (Jespersen et al.,
2010). The rigid inorganic core can help improve the thermal stability
of the nanofluids, or furnish the nanofluids with conducting, magnetic,
and rheological properties. Since the core-shell structure maintains its
stability in the presence of physical disturbances (e.g., ultrasonic
treatment), the whole system is regarded as single-component and
macroscopically homogeneous (Bourlinos et al., 2006). These

nanofluids are regarded as the third generation of the liquid materials
after the first solvent liquids and the second ionic liquids (Babu and
Nakanishi, 2013).

Following the seminal work of Bourlinos et al. (2005a), in which
solvent-free nanofluids were prepared based on SiO2 and γ-Fe3O4 na-
noparticles, many other nanomaterials have been used to prepare these
kinds of nanofluids, including but not limited to (i) metal oxides like
TiO2 (Bourlinos et al., 2005b) and ZnO (Bourlinos et al., 2006), (ii)
noble metals like Au (Voevodin et al., 2007) and Pt (Warren et al.,
2006), (iii) carbon materials like multiwall carbon nanotubes (MCNT)
(Zhang et al., 2009) and fullerol (Fernandes et al., 2010), (iv) bioma-
cromolecules like DNA (Bourlinos et al., 2005b) and ferritin (Perriman
et al., 2009), (v) natural clay minerals like sepiolite (Zheng et al., 2011)
and (vi) oxysalts like CaCO3 (Li et al., 2009). Zero vapour pressure and
fluidity in the absence of any solvents provide these nanofluids many
scientific and technological possibilities (Fernandes et al., 2014). For
example, these nanofluids can be used as green solvents to reduce the
usage of toxic solvents to address environment concerns. They can also
serve as templates to synthesize nanomaterials with special nanos-
tructures (Kim et al., 2012). In addition, these nanofluids can act as
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electrolytes (Smarsly and Kaper, 2005; Nugent et al., 2010), ferrofluids
(Smarsly and Kaper, 2005), lubricants (Kim and Archer, 2011), carbon-
capturing materials (Lin and Park, 2011; Petit et al., 2011) and smart
sensors (Bhattacharjee et al., 2009).

Compared with the abundant studies focused on the preparation,
characterization, and potential applications of the obtained solvent-free
nanofluids mentioned above, fewer studies have been focused on con-
trolling the fluidity of the nanofluids. In fact, the structure of the or-
ganic shell, i.e., the canopy and the corona, can be adjusted to achieve
this goal. On one hand, by changing the counter ion from a compact
species (e.g., chloride) to bulky ions (e.g., isosterate, oleate and sulfo-
nate), the physical properties of these materials can be facilely tuned to
span the spectrum from glassy-solid-like to Newtonian-liquid-like
(Bourlinos et al., 2005a; Rodriguez et al., 2008). In addition, differences
in the fluidity of nanofluids with identical organic contents still exist
due to the different nature of the organic modifiers and the type of
interactions, e.g., acid-base reaction or ion exchange (Li et al., 2010).
On the other hand, grafting of less bulky silanes followed by a similar
exchange reaction with PEG-tailed sulfonate anion does not give rise to
these nanofluids (Bourlinos et al., 2005b). For example, using modifiers
with longer alkyl chains resulted in a lower viscosity and better fluidity
of the Fe3O4-based solvent-free nanofluid (Tan et al., 2012). In

addition, Lei et al. (2008) found that the fluidity of MCNT-based sol-
vent-free nanofluids was controlled by the functional density and aspect
ratio of MCNT, which can be tuned by treating MCNT with different
oxidation time. To our best knowledge, this was the only reported case
about tuning the fluidity of solvent-free nanofluids via a core pre-
treatment.

Halloysite is a nanosized tubular clay mineral that belongs to the
kaolin subgroup (Kluger et al., 2017). According to whether or not its
structural unit layers are seperated by a monolayer of water molecules,
halloysite can be subdivided into halloysite (10 Å)
[Al2(OH)4Si2O5·2H2O] and halloysite (7 Å) [Al2(OH)4Si2O5] (Yuan
et al., 2016). Halloysite has a length ranging from about 0.02 to 30 μm,
an inner diameter of about 10 to 100 nm and an outer diameter of
approximately 30 to 190 nm (Yuan et al., 2008, 2015). The outer sur-
face of halloysite consists of inert Si-O-Si groups and its inner surface
consists of Al-OH groups, thereby resulting in different reactivities of its
inner and outer surfaces (Tan et al., 2016). For example, the inner
lumen of halloysite could be enlarged by the selective acid-etching of
aluminum oxide (Abdullayev et al., 2012). Moreover, the surface
functional groups of halloysite can be modified either by grafting or-
ganic groups (Yuan et al., 2008) or by thermal treatments (Yuan et al.,
2012).

Due to its special nanostructure (e.g., a big lumen and modifiable
surface functional moieties), halloysite holds great promise in many
fields, such as clay-polymer nanocomposites (Aloui et al., 2016; Zhang
et al., 2016), nanoreactors (Shchukin et al., 2005), support of functional
guests (Shu et al., 2017; Zeng et al., 2017), drug delivery and controlled
release (Tan et al., 2014a, 2014b; Li et al., 2016), and water-based
nanofluid for heat transfer (Alberola et al., 2014). However, in almost
all these applications, halloysite exhibits a solid-like behaviour in the
absence of solvents or dispersing media. The feasibility of applying
halloysite as the inorganic core material to prepare solvent-free nano-
fluids has been rarely studied (Yang et al., 2016).

In this study, a halloysite-based solvent-free nanofluid was prepared
and a facile method of preheating the core (i.e., halloysite) of the na-
nofluid was applied to adjust the fluidity of the halloysite-based na-
nofluid. The two preheating temperatures, 110 °C and 700 °C, were
selected in this study based on previous study (Yuan et al., 2012). Re-
markable changes took place for the structures and surface functional
groups of halloysite by heating at such two temperatures, which were
believed to further influence the fluidity of halloysite-based solvent-free
nanofluids. These changes and their effects on the fluidity of the ob-
tained nanofluids were characterized by a combination of techniques,
including X-ray diffraction (XRD), transmission electron microscopy
(TEM), Fourier transform infrared (FTIR) spectroscopy, and thermal
analysis.

Fig. 1. Preparation procedure of halloysite-based solvent-free nanofluids.

Fig. 2. XRD patterns of Hal, Hal110, and Hal700.
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