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Abstract: With unique electronic effect, TiO, nanoparticles can be used as photocatalysts to reduce or eliminate the

organic pollutants only under irradiation of sunlight. It is, therefore, highly desirable to improve its dispersion and

solubility to broaden its application in different fields especially in environmental conservation. Here provides a

case of two-step method to prepare yellow transparent water-soluble TiO,-ionic liquids hybrid nanomaterial. In this

hybrid system, organic sulfonate groups as canopy provide “self-solvent” for the dispersion of the TiO, nanoparti-

cles. This dispersion experiment results indicated that the water-soluble organic canopy in the TiO,-ionic liquids

hybrid nanomaterial offered good solubility in water and the TiO,-ionic liquids hybrid nanomaterials used in-home

decoration could be easily wiped away on the surface of furniture. Data from photocatalytic degradation efficiency

for decomposing formaldehyde demonstrated that the hybrid nanofluids possessed excellent photocatalytic per-

formance. The water-soluble TiO,-ionic liquids hybrid nanomaterials could be a promising candidate for environ-

mental conservation in the future.
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In recent years, the environmental awareness is dra-
matically enhanced, especialy in-home decoration. In-
door air pollution is becoming serious threat to human
health in daily life due to complicated home decoration.
Formaldehyde is one of the most typical pollutant’”, in
these indoor air pollution cases. It is pungent to the mu-
cosa of the eyes, nose and respiratory tract and acts as a
lachrymator to cause sneezing and coughing even at a
very low concentration'?®l. Besides, formaldehyde is
directly toxic causing protein misfolding, cell death and
biological dysfunction!*®. Therefore, it is of great sig-
nificance to find a practical and effective method to re-
duce or even eliminate the pollution of the formaldehyde
to protect our health.

In these studies, it is surprising that photocatalytic
technology provides a straightforward and effective
strategy to protect environment by eliminating formal-
dehyde”. TiO, is made up of Ti-Og by titanium oxygen
eight surface body octahedron including nature, rutile,
and anatase types. In the industria application, rutile
typed TiO, materials are widely used in cosmetics indus-
try and coatings industry. The anatase typed TiO, materi-
als can be used as photocatalytic materials in degrading
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various organic pollutants by using Ultra Violet (UV)E1%,
Fujishima group™ first found the features of TiO,
photocatalysis, and then TiO, materials became popular
in photocatalytic field!*?, especially TiO, nanoparticles
because of their higher photocatalytic activity*®. TiO,
nanoparticles show strong oxidation properties due to
their unique electronic effect and can be used as photo-
catalyst to reduce or eliminate the organic pollutants,
such as formaldehyde decomposing into carbon dioxide,
water or other inorganic substances only under irradia-
tion of sunlight!*¥.

However, there is a serious problem that the TiO,
nanoparticles are easy to emerge the second-level
agglomeration during the preparation, storage and using,
which is because of their powder shape. The methods of
dispersion of the titanium dioxide in organic solvent or
water after surface treatment of traditional nanofluids or
emulsion, are introduced in order to overcoming the
problem as mentioned before. The advantage of disper-
sion of titanium dioxide through those traditional meth-
ods is efficient, persistent, safe and economical. But tra-
ditional methods suffer from the following problems. For
one thing, the content of nanoparticles is generally less
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than 5%. For another, easily reunion could be induced
when it is preserved for along time. And last, it is easy to
cause spots when the white emulsion of TiO, nanocom-
posites are used in the glass or furniture with higher
transparency.

Giannelis, et al reported a serials of solvent-free
nanomaterials from gel to liquid at room temperature via
a soft organic corona grafting covalently onto the various
nanoparticles surface like TiO,, SiO,, CaCOs, carbon
nanotubes™>??. In the system, the nanoparticles were
monodisperse and their diameters were generally about
10 nm. The solvent-free nanomaterials system is stable,
no vapor pressure and no solvent pollution to the envi-
ronment and can flow under the condition of room tem-
perature or low temperature, which has a broad applica-
tion prospect, e.g. transportation, microelectromechani-
cal systems (MEMS), liquid electrolytes and magnetic
fluid.

In this work, the water-soluble TiO.-ionic liquids hy-
brid nanomaterials were prepared via TiO, nanoparticles
electrovalently bonding with potassium sulfonate nonyl-
phenol ethoxylate (PSNE). Octadecyldimethyl(3-trime-
thoxysilylpropyl) ammonium chloride (OCA) were grafted
onto TiO, nanoparticles by dehydration and condensation,
and then the TiOy-ionic liquids hybrid nanomaterials
were obtained by introducing PSNE on the surface of
TiO, (Fig. 1). The catalytic activities for formaldehyde of
the TiOy-ionic liquids hybrid nanomaterials were inves-
tigated by chemical titration method. The TiOy-ionic lig-
uids hybrid nanomaterials exhibit excellent photocata-
lytic degradation efficiency for decomposing formalde-
hyde. The photocatal ytic degradation rate increased up to
87.3%.

1 Material and methods

The synthetic process of TiO,-ionic liquids hybrid
nanomaterials is showed in Fig. 1. The synthetic process
of the water-solubleTiO,.ionic liquids hybrid nanomate-
rials is as follows: (1) 0.5 g TiO, powder was dispersed
into deionized water (10wt%) then ammonia was added
into the solution until pH reached 10; (2) 2.5 mL of OCA
methanol solution (60%) was added into the solution in
(1) while stirring, and then precipitated for 24 h at room
temperature; (3) After centrifugation, the precipitation in
(2) was washed with methanol and water mixed solution
for three times, and then dried in the vacuum oven under
65°C; (4) 1 g dried products in (3) was dispersed into
distilled water, and then 15 mL 16.5% (wt/vol) PSNE
were added into the solution with magnetic stirring at
70°C for 24 h. After drying, the yellow transparent
nanometer fluid was obtained as called TiO,-ionic liquids

OH (CH;0),Si(CH,);N(CH;),
(CsH3,)C1 (OCA)

HO

SO
e @

Iryf rr'lj“siOz-ionic liquids
hybrid nanomaterials
with water-solube

Q organic canocy
—— (CH;0),Si(CH,);N(CH,),(CysH;7)C1
- _CQHl9C6H4(0CHZCHZ)20(CH2)3

Fig. 1 Synthetic process for the TiO,-ionic liquids hybrid
nanomaterials

hybrid nanomaterials. The titration method was intro-
duced to determine the photocatalytic of the nanometer
fluid.

TiO, powder was dispersed in OCA methanol solution
first. Because of the higher surface free energy, nanopar-
ticles were easy to flocculate and agglomerate. OCA
composites were introduced onto the TiO, surface to de-
crease the surface free energy. Those added groups on the
TiO, surface could reduce the short-range attraction
among adjacent TiO, nanoparticles via steric hinerance.
After that, the sulfonic acid groups (-SO3) in PSNE
composites were introduced into the system replacing Cl~
on the TiO, surface by ion exchange. In this hybrid sys-
tem, organic sulfonate (PSNE) groups as canopy can pro-
vide “self-solvent” for the dispersion of the TiO,
nanoparticles. The organic shell acts like a lubricant be-
tween the core nanoparticles leading to a liquid-like be-
havior. The TiOy-ionic liquids hybrid nanomaterial was
added into 100 g 1wt% formaldehyde aqueous solution.
And then this mixed solution was put to the sun. The
titration method was introduced to determine the photo-
catalytic of the nanometer fluid in different time accord-
ing to the following reaction equation:

HCHO+N&,S0;—~HOCH,-SO;Na+NaOH @
2NaOH+H,S0,—~N&;S04+2H,0 )]

With thymolphthalein as indicator, the consuming
volumes of sulfuric acid standard solution were used to
calculate the residual rates of formaldehyde in different
time.

2 Resultsand discussion

The structure of PSNE and the TiO,-ionic liquids hy-
brid nanomaterials were studied by FT-IR in Fig. 2. The
peaks at 1620 cm ™, 833 cm* represent C=C and H- at 1,
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Fig. 2 FT-IR spectra for (A) PSNE and (B) the TiO.-ionic
liquids hybrid nanomaterial

4 sites on the benzene of PSNE, respectively. The ab-
sorption peak at 725 cm, represents bond of Ti-O,
~Si—O-Ti and ~CH,-N" occur a 941 cm™, and 1465 cm™,
respectively. The peak at 1357 cm™ represents methyl
symmetry in the nanometer fluid. The peaks at 2885 cm™
and 1110 cm ™ are associated with the stretching vibra-
tion of —CH, and C-O, respectively. The peaks appear
both in the Fig. 2(A) and (B) curves meaning that PSNE
was successfully grafted onto the surface of TiO,
nanoparticles as the organic corona to obtain TiO,-ionic
liquids hybrid.

The microstructure of the nanometer fluid was clearly
observed from the TEM images in Fig. 3(a) and (b). As
shown in Fig. 3(b), the diameter of TiO, in the nanometer
fluid is about 5 nm. The TEM image (Fig. 3(a)) and the
photo of the yellow nanometer fluid (inserted in Fig. 3(a))
indicate that the TiO, nanoparticles in the nanometer
fluid monodisperse, and the introduction of PSNE onto
the surface of TiO, could avoid the further precipitating

Fig. 3 TEM images of the TiO,-ionic liquids hybrid nanomaterial

and reaggregating of TiO, nanoparticles. The PSNE
self-assemble grafted onto the surface of TiO, to form an
inorganic-organic core/shell hybrid materias via ion ex-
change. The obtained yellow transparent nanometer fluid
as shown in the photo of Fig. 3(a), can isolate the inor-
ganic nanoparticles effectively, and improve the stable
dispersion of the nanoparticles. The small diameter,
monodisperse and low content (calculated from Fig. 3(a)
and (b)) of TiO, are decisive factors for forming the
transparent material in this case. And the peripheral or-
ganic shell of TiO, provide a lubricant, which endow
fluid behavior for the hybrid materials. Finaly, the
TiOx-ionic liquids hybrid nanomaterials show the yellow
transparent fluid behavior (insert in Fig. 3(a)).

As shown in Fig. 4, the values of shear-loss modulus
G” throughout the measured shear rate range are much
higher than the storage modulus G’ of the TiO,-ionic
liquids hybrid nanomaterial, which suggest that there was
a fluid behavior. The G' and G” curve of the obtained
TiOy-ionic liquids hybrid nanomaterial are both de-
creased to low modulus with shear rate increasing.
Namely, the hybrid nanomaterials system shows shear
thinning behavior, which suggests that TiO,-ionic liquids
hybrid nanomaterials exhibit the pseudoplastic fluid.

The dispersion of TiOy-ionic liquids hybrid nanomate-
rials in water was observed through ultraviolet spectro-
photometer (UV-Vis). Water is as reference solution, and
the samples with different concentration were scanned,
and then draw the linear calibration curve. The upper
liquid after deposited was scanned, and then calculated
their concentration to evaluate the dispersion of
TiO,-ionic liquids hybrid nanomaterials. In order to
evaluate the solubility and dispersion stability in water,
the 0.15 mg/g of the TiO,-ionic liquids hybrid nanomate-
rial in deionized water were prepared with different
standing time (25 h-200 h) via determining their disper-
sion by UV-Vis. The solution concentration decreases 3%
from 0.15 to 0.145 mg/g (in Fig. 5) after the solution

L
100-;—-—-—IN.\

G',G"/Pa

10 100 1000
Shear rate / s

Fig. 4 Rheological response of the TiO,-ionic liquids hybrid
nanomaterial
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surface of furniture in home decoration.

At last, the photocatalytic degradation efficiency for
decomposing formaldehyde of pure TiO, powder (in Fig.
6(a)) and the TiOy-ionic liquids hybrid nanomateria (in
Fig. 6(b)) were studied. For both kinds of the nanomate-
rials, the residual rates of formaldehyde in the solution
decreased with the illumination time prolonging. Com-
pared with the TiOy-ionic liquids hybrid nanomaterial,
pure TiO, powder exhibits higher photocatalytic degra-
dation efficiency. After 80 min, the residual content of
formaldehyde is about 10% (Fig. 6(a)) due to the larger
contact area of TiO, and formaldehyde. The grafted or-
ganic canopy on TiOy-ionic liquids hybrid nanomaterial
result in the decreased photocatalytic degradation effi-
ciency. In Fig. 6(b), the residual content of formaldehyde
by the TiOy-ionic liquids hybrid nanomaterial is about
12.7% after 240 min, which indicates that the TiO,-ionic
liquids hybrid nanomaterials still have excellent photo-
catalytic performance. Furthermore, the TiO,-ionic lig-
uids hybrid nanomaterials show good solubility and sta-
bility in water and could be easily wiped away on the
surface of furniture in home decoration compared to pure
TiO, powder. These outstanding properties can make it
easy to eliminate the formaldehyde pollution in home
decoration, such as coating field.

3 Conclusions

In summary, the water-soluble TiO,-ionic liquids hy-
brid nanomaterial was successfully prepared by a two-step

Fig. 6 The photocatalytic degradation efficiency of the pure
TiO, powder (a) and the water-soluble TiO,-ionic liquids hy-
brid nanomaterial (b) for decomposing formaldehyde

method. Siloxane organic salt (OCA) is jointed on the sur-
face of TiO, nanoparticles by dehydration and condensa-
tion. The water-soluble TiO,-ionic liquids hybrid nano-
material was obtained by ion exchange with a
PEGs-substituted tertiary amine (PSNE). The surface
functionalization on TiO, offers novel exciting properties
to TiO, nanoparticles such as monodispersity, fluidity,
well water-solubility, and good processability. The water-
soluble TiO,-ionic liquids hybrid nanomaterial have su-
perb photocatalytic degradation efficiency for decom-
posing formaldehyde, with 12.7% residual formaldehyde
left in sunlight for 4 h. The water-soluble TiOy-ionic lig-
uids hybrid nanomaterials should be a promising candi-
date for environmental conservation in the future.
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