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Two modified TiO, nanofluids were developed, with either hydrophobic
or hydrophilic properties. The hydrophobic TiO, nanofluid, embedded
in an organo-silyl salt, could be transformed into a hydrophilic TiO,
nanofluid by exchange of the chloride with an organo-sulphonate ion.
Both modified TiO, nanofluids exhibited high fluidity, thermal stability
and photoactivity.

Modification of nanoparticles in nanofluids is an important pro-
cess which has created huge interest because it enhances their
physicochemical properties.'™ A nanofluid is a stable suspension
which is obtained by dispersing nanomaterials in base fluids.>”
TiO, is a potent nanofluid that possesses excellent coolant® and
optical properties,” as well as semiconductivity.'® Like other nano-
fluids, pure TiO, nanofluids exhibit some drawbacks, such as rapid
sedimentation, low colloid loading and long-term instability."*">
However, the literature suggests that an ordinary nanofluid could
be transformed into a smart nanofluid if the pure nanoparticles of
the nanofluid could be modified.'® Therefore, modification of TiO,
nanoparticles in a nanofluid is a very important objective. There
are many processes, such as grafting of organic capping agents and
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surfactant micelle adsorption etc., that have been adopted to
modify TiO, nanoparticles."*'> For example, Lv et al. (2016)
reported modification of the TiO, nanofluid by adsorption of
surfactant micelles,'® whereas Sen et al. (2015) demonstrated a
surface-grafting method to modify the TiO, nanofluid using
propyl sulphonate groups (details in Table S1, ESIT).'® Interest-
ingly, reports have asserted that such modifications lead to a
change in the extent of hydrophilicity as well as hydrophobicity of
the nanofluids, and consequently not only alter the wettability of
the solid surfaces of the nanofluids but also increase the effi-
ciency of the nanofluids. As a result, these features open different
applications of nanofluids (details in Table S2, ESIt)."*'7*® For
instance, Choi et al. (2017) reported that the hydrophobicity of a
nanofluid increased when silica nanoparticles were modified
with a polymer, and that the polymer-modified silica nanofluid
showed enhanced performance for oil recovery."® In contrast,
Zhang et al. (2018) noted that the hydrophilicity of TiO, nanofluid
was improved by modifying with a silane-coupling agent of TiO,
nanoparticles; the modified TiO, nanofluid was implemented in
a heat-transfer process."® Furthermore, one report claimed that
both hydrophilic and hydrophobic TiO, nanofluids were pre-
pared;*® however, the report showed that hydrophobicity of the
modified TiO, nanofluid increased with respect to pure TiO,
nanofluid while TiO, was modified with anchoring of sulphur
nanoparticles on the surface.

In this work, we developed both hydrophobic and hydrophilic
TiO, nanofluids using pure TiO, nanoparticles as a precursor.
Here, the hydrophobic TiO, nanofluid was first prepared by
embedding a uniform organic shell of dimethyloctadecyl-[3-
(trimethoxysilyl)propylJammonium chloride (DTSACI), which is
an organo-silyl salt. Afterwards, the hydrophobic TiO, nanofluid
was changed into a hydrophilic TiO, nanofluid when the
chloride ions of the hydrophobic nanofluid were replaced by
4-nonylphenyl-3-sulphopropyl ether potassium, functioning as
an organo-sulphonate ion. Due to the change from hydropho-
bicity to hydrophilicity of the nanofluid, the surface wettability
was also transformed, as measured by contact angle experi-
ments. Both hydrophobic and hydrophilic TiO, nanofluids
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Fig.1 TEM images of (a) TiO,, (b) TiO,-Cyg, (c) TiO,-Cis-PEG and
(d) magnified view of the shell of TiO,-Cg-PEG (see Section 1.1 in ESI
for synthesis details).

exhibited high fluidity, thermal stability, photoactivity and easy
coating applicability.

The transmission electron microscope (TEM) images of TiO,,
DTSACl-modified TiO, (referred to as TiO,-C;5) and (poly-
(ethylene glycol)-4-nonylphenyl-3-sulphopropyl ether potassium
salt) sulphonate salt (PEG-modified sulphonate salt)-exchanged
TiO,-Cyg (referred to as TiO,-C;4-PEG) are shown in Fig. 1. The
TEM image of the TiO, nanoparticles indicates that the particle
sizes and distance between two adjacent lattice planes are 15-30 nm
and 0.35 nm, respectively (Fig. 1a). Note that the lattice planes
extend to the edges of the TiO, nanoparticles, thereby indicating
the absence of an organic shell structure. On the other hand, the
TEM image of TiO,-C;3 further shows an obvious organic shell
with a thickness of around 1 nm (Fig. 1b), while TiO,-C,5-PEG
possesses a thicker shell with a thickness of approximately 4 nm
(Fig. 1c and d). These results are in good agreement with the
calculated dimensions of an 18-carbon chain and a 21-PEG
block-1 benzyl ring-9-carbon chain, respectively. This confirms
the organic shell formation around the TiO, nanoparticles. In
both TEM images of the coated TiO, nanoparticles, the lattice
planes of TiO, do not extend to the edges of the particles, which
also suggests a successful grafting in each of the two synthesis
steps (Fig. 1b, c and Fig. S1, S2, ESIt). These outer layers prevent
the particles from aggregation and provide for good dispersion
and homogeneous coating of the TiO, nanoparticles on the
glass surface.

Matching the X-ray diffraction (XRD) patterns of TiO,, TiO,-Cys
and TiO,-C,5-PEG (Fig. 2a) with International Centre for Diffrac-
tion Data (ICDD) PDF No. 004-0477 confirms the identity of the
anatase TiO,. The characteristic diffraction peaks appeared at
25.3°% 37.8°% 47.9% 53.9° 55.0° and 62.6°, and correspond to the
TiO, facets of (101), (004), (200), (105), (211) and (204), respec-
tively. The surface OH groups of TiO, are proven by the 'H
magic-angle spinning (MAS) nuclear magnetic resonance (NMR)
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Fig. 2 (a) XRD patterns of TiO,, TiO,-Cig and TiO,-Cig-PEG, (b) FT-IR
spectra of TiO,, TiO,-Cyg and TiO,-Cyg-PEG, (c) DLS results and zeta potential
({) for TiO,, TiO,-Cig and TiO,-Cyg-PEG, (d) TGA curves of TiO,-Cyg and
TiO,-Cyg-PEG, (e) photodegradation of RhB in aqueous solution under UV
irradiation over no photocatalyst, TiO,, TiO,-Cyg and TiO,-Cyg-PEG.

spectrum (Fig. 3, ESIt).>"*> The XRD results reveal that despite
the chemical modification of the TiO, nanoparticles with the
organic shell, the crystalline anatase structure of TiO, was not
affected. The Fourier-transform infrared (FT-IR) spectra of TiO,,
TiO,-C;5 and TiO,-C;5-PEG are shown in Fig. 2b (for the full
range FT-IR spectra, see Fig. S4, ESIt). C-H stretching bands at
2920 cm™* and 2851 cm ™}, and the Ti-O-Si absorbance bands at
956 cm ™! are observed in both TiO,-C;3 and TiO,-C;5-PEG,*
supporting the successful modification of TiO, NPs by DTSACI.
The anionic exchange by the PEG-modified sulphonate salt
is confirmed by the presence of benzene skeleton vibrations
at 1512 cm™ " and the SO;~ absorption band at 1247 ecm ™! in
TiO,-C,5-PEG.*

The dynamic light scattering (DLS) analysis of the aqueous
dispersions (0.1 wt%) of the samples (Fig. 2c) reveals that TiO,-
C,5-PEG has an average particle size with a diameter of about
58 nm, and the average distribution of particles size of TiO,-C;5
is about 122 nm, while TiO, NPs increase up to about 955 nm
(Fig. 2c). This indicates that both TiO,-C;3-PEG and TiO,-C;g
are highly dispersible at the nanoscale. The zeta potentials ({) of
the samples (given in Fig. 2¢) demonstrate that the absolute
values of ( for TiO,-C;5-PEG (+41 mV) and { for TiO,-C;4 (+48 mV)
are higher than ( for TiO, (—15 mV), which further confirm the
high dispersibility and stability of both modified TiO, samples.>*
Thermogravimetric analysis (TGA) results of TiO,-C;5-PEG and
TiO,-C;g are shown in Fig. 2d, Fig. S5 and S6, ESL.{ The weight
loss of 8% and 4% of TiO,-C,5-PEG and TiO,-C,g before 190 °C
might be correlated to the presence of adsorption solvent. After

This journal is © The Royal Society of Chemistry 2019
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190 °C, the weight loss of the samples (between 190 and 600 °C)
is due to decomposition of the organic matter. The loss of TiO,-
C15-PEG (62%) is higher than that for TiO,-C;5 (25%), attributed
to the successful anion exchange with the PEG-modified sulpho-
nate salt. The molar ratio of the PEG-modified sulphonate salt
and DTSACI in TiO,-C;5-PEG is 0.77, suggesting a relatively high
ratio of anion exchange. The TGA results indicate that both TiO,-
C15-PEG and TiO,-C;5 exhibit a relatively high thermal stability
(over 190 °C). The high contents of organic matter provide the
samples with a rather continuous organic phase which leads to a
good dispersion of TiO, nanoparticles, which is further con-
firmed by thermal conductivity measurements (Fig. S7, ESIT) and
rheological tests (Fig. S8, ESIT). The photoactivities of modified
TiO, have been measured by ultraviolet-visible (UV-vis) spectro-
scopy and preliminary photocatalytic experiments. TiO,-C,5-PEG
and TiO,-C;g still behave as a semiconductor, similar to pure
TiO, in their UV absorption (same position, Fig. S9, ESIt) or
photocatalytic activity (in comparison to pure TiO,, 80% and
84% of RhB is degraded in 50 min by TiO,-C;5-PEG and TiO,-C;s,
respectively, Fig. 2e). Moreover, TiO,-C;5-PEG is still a stable
dispersion in water (at 30 wt%) after 3 years (Fig. S10, ESIT).

It is well known that the long-chain alkane shows a hydrophobic
character and the PEG block shows a hydrophilic character. The
design and synthesis of a transformable surface wettability
coating of TiO,-C;g3 and TiO,-C;5-PEG are proposed in Fig. 3.
The surface of TiO, (Fig. 3A(a)) is grafted by DTSACI using the
Ti-OH surface groups for obtaining TiO,-C;g (Fig. 3A(b)) with a
hydrophobic surface (further details are shown in Fig. S11,
ESI}).>*>% After centrifugation and washing three times with
water and ethanol to remove excess surfactants, the chloride
ions of TiO,-C;g are exchanged by sulphonate ions of the PEG-
modified sulphonate salt via a anion-exchange process (24 h,
70 °C, reflux) to introduce the hydrophilic groups on the surface
(in TiO,-C;4-PEG, Fig. 3A(c)). On the macroscopic level, macro
mobility of the system shows a big change from powder solid
(TiO,, Fig. 3A(d)) to high-viscosity fluid (TiO,-Cyg, Fig. 3A(e)) and
relative-low viscosity fluid (TiO,-C,;5-PEG, Fig. 3A(f)). After drop-
coating without organic solvent and drying at 50 °C, both glass
coatings of TiO,-C;g and TiO,-C;4-PEG show higher transparency
than that of pure TiO, (Fig. 3B(a-d)), although the thicknesses of
the coatings are around 1.5 pm (Fig. S12, ESIt). Very interestingly,
the contact angle tests show a hydrophilic property of the TiO,
coating, with a water contact angle at 58° due to its surface -OH
groups, a hydrophobic character of TiO,-C; g coating with a water
contact angle at 100°, and a hydrophilic surface of TiO,-C,s-PEG
with a water contact angle at 30°. These results show a trans-
formable surface wettability of modified nanofluids from hydro-
phobic to hydrophilic by a facile anionic exchange process.

In summary, two modified TiO, nanofluids have been
developed, and individually possessed hydrophobic or hydro-
philic properties. The hydrophobic TiO, nanofluid was devel-
oped by uniformly embedding an organo-silyl salt onto the
surface of the TiO, nanoparticles. The hydrophobic TiO, nano-
fluid was transformed into a hydrophilic TiO, nanofluid when
an organo-sulphonate ion was introduced with replacing an
anion from the hydrophobic nanofluid. The transformation
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Fig. 3 (A) Schematic preparation of TiO,-Cyg and TiO,-Cyg-PEG: (a) sur-
face hydroxylation of TiO, nanoparticles, (b) grafting of DTSACLI to form
TiO,-Cyg, (c) electrostatic interacting with PEG-modified sulphonate salt
to form TiO,-Cyg-PEG, (d—f) photograph of TiO,, TiO,-Cyg and TiO,-Cyg-
PEG; (B): (a—d) photograph and (e—h) corresponding contact angle of glass
and glass coating of TiO,, TiO,-Cig and TiO,-Cyg-PEG.

from hydrophobicity to hydrophilicity of the nanofluid was
examined by contact angle measurements. Both of the mod-
ified TiO, nanofluids exhibited high fluidity, thermal stability
and photoactivity. This report offers a new synthetic method to
develop hydrophobic and hydrophilic nanofluids for obtaining
transformable wettability nanofluids.
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