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Abstract: A facile strategy for anatase titanium dioxide (TiO,) nanoparticle preparation was proposed via a

non-aqueous precipitation method. With the aid of glacial acetic acid, tetrabutyl titanate underwent non-hydrolytic

reaction in solvent ethanol. Glacial acetic acid increased polarity of Ti—O and C—O bonds of tetrabutyl titanate, and

promoted non-hydrolytic de-etherization poly condensation reaction to form Ti—O-Ti bond in the solvent. After re-

fluxing at 80°C for 24 h, the Ti—O-Ti bond was rearranged to form anatase TiO, nanoparticles with the particle size

of 5 nm-20 nm and specific surface area of 169.4 m*/g, which exhibited good dispersion and excellent photocata-

lytic activity. The degradation rate against methyl orange under ultraviolet radiation for 2 h reached 99.81%, show-

ing promising prospect in wastewater treatment process.
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TiO,, a wide band gap semiconductor oxide (£,=
3.2 eV), has attracted great attention from scientists due
to its advantages of good chemical stability, low cost and
nontoxicity!"?. As a photocatalytic material, TiO, and its
composite materials show high photocatalytic activity,
which can degrade organic pollutants completely into H,O,
CO, and other small moleculest™. It has been confirmed
that the crystal structure, particle size and surface char-
acteristics of TiO, have great influence on its photocata-
lytic activity*>!. Compared with regular titania, nano TiO,
has higher surface area and wider light response range,
shows more excellent photocatalytic activity!. And TiO,
nano-materials preparation has become the research hot-
spots in environmental pollution treatment!’"*.

Up to now, several methods have been used to prepare
TiO, nanomaterials, such as Sol-Gel method” %, hyd-
rothermal method!""), precipitation method!"*"*!, vapor
deposition method!'¥), solid state reaction'"’!] spray

plasmal'®

, and so on. Among these methods, precipita-
tion method has the superiorities of simple process, low
cost, high yield and good quality. However, traditional
precipitation method taking water as solvent suffers the
problems of sample agglomeration or complicated post-
treatment. Non-aqueous precipitation method derives
from the traditional precipitation method, which using
organic solvent to avoid interference between hydrogen

[17-18]

bonds in aqueous system . In typical non-aqueous
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precipitation processes for TiO, preparation, titanium
tetrachloride reacted with high reactive oxygen donor, i.e.
tertbutyl alcohol or benzyl alcohol with the promotion of
ultrasonic radiation or ultraviolet radiation. But they still
had many disadvantages, such as high toxicity, compli-
cate process and serious aggregation of products. Herein,
in this work, we show a simple and mild non-aqueous
precipitation process for TiO, nanoparticles preparation
with the aid of glacial acetic acid, which promotes the
condensation reaction of tetrabutyl titanate to form TiO,
nanoparticles at 80°C. The reaction mechanism is dis-
cussed, and the photocatalytic performance of as-prepared
TiO, nanoparticles is also studied.

1 Experiments

1.1 Samplepreparation

All reagents and solvents were reagent grade and used
without further purification. Tetrabutyl titanate (Ti(OBu)y)
was dissolved in 100 mL anhydrous ethanol under stir-
ring at a concentration of 0.284 mol/L. Then, 33 mL gla-
cial acetic acid (AcOH) was added to the solution above.
After reflux at 80°C for 24 h, white precipitate was ob-
tained by non-hydrolytic polycondensation of tetrabutyl
titanate with the aid of glacial acetic acid. Subsequently,
the white precipitate was separated by centrifugation,
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washed with anhydrous ethanol several times and dried
at 80°C for 2 h. The non-hydrolytic polycondensation
by-product was obtained by fractional distilling to cen-
trifugal supernatant, with the removal of ethanol and
acetic acid.

1.2 Characterization

X-ray diffraction (XRD, Bruker AXS D8 Advance)
with Cu target and Ka radiation (1=0.15406 nm) was
used for phase identification of the samples. Microstruc-
ture was observed by transmission electron microscopy
combined with high-resolution (HRTEM, JEM-2000FX).
The Brunauer-Emmett-Teller (BET) specific surface area
(Sger) was measured by BET isothermal nitrogen adsorp-
tion using Micromeritics ASAP 2010 surface area ana-
lyzer. Fourier transform infrared (FT-IR) studies were
performed by Nicolet 5700 infrared spectrometer within
wave number range of 4000 cm™'-400 cm ™.

The degradation of methyl orange (C;4H;4N;NaO;S,
MO) was carried out in an aqueous solution at room
temperature using TiO, nanoparticles as catalyzer. Brief-
ly, 0.1 g TiO, nanoparticles were added to 50 mL MO
solution (10 mg/L) under ultraviolet irradiation (30 W UV
lamp with wavelength of 254 nm). After a certain period,
the TiO;
concentration of the centrifuged solution was monitored

suspension was centrifuged and the
through a wavelength scan on a 721 spectrophotometer
(UV-Vis, Shanghai Precision Science Instrument Co Ltd.).

2 Resultsand discussion

The electron microscopy images of the as-prepared
TiO, sample are shown in Fig. 1. It is clearly shown in
Fig. 1(a) and (b) that the sample has irregular shape with
the particle size of 5 nm-20 nm. According to HRTEM
image in Fig. 1(c), the interplanar spacing is about 0.35 nm,
which is close to the (101) spacing of anatase TiO,. And
Fig. 1(d) clearly shows that TiO, sample has polycrystal-
line diffraction rings structure.

Fig. 2 shows the infrared spectra of samples at differ-
ent stages of the preparation process, including Ti(OBu)s,
mixture of Ti(OBu), and AcOH, precipite slurry and pre-
cipitate. Table 1 lists the corresponding attribution of
major bonds in infrared spectra.

Compared with the IR spectrum of Ti(OBu)s, new
bands at 1724 cm™, 1547 ecm™, 1290 cm ' and 1070 cm™
related to the COO stretching vibration appear in the
spectrum of the mixture , while the bands at 1124 cm™'-
1039 cm™" attributed to the Ti—-O—C stretching vibration
disappear. More importantly, the bands at 1028 cm™' and
611 cm™ assigned to C—O and Ti—O vibration exhibit

Fig. 1 (a, b) TEM, (¢) HRTEM images and (d) SAED pattern
of the as-prepared TiO, nanoparticles
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Fig. 2 FT-IR spectra of samples at different reaction stages

red shifts to 1045 cm™ and 613 cm™', respectively. It
should be noted that the peak of OH bond in glacial ace-
tic acid is not observed in the mixture. The results clearly
demonstrate that the AcOH has coordinated with
Ti(OBu)4, which changes the characteristic structure of
the Ti—O—C group in Ti(OBu),, and the OH group of
glacial acetic acid disappears simultaneously.

Therefore, a probable chemical reaction for above
process is shown in Fig. 3. The H atom at position 1 co-
ordinates with RO (R=Bu) in tetrabutyl titanate to form
hydrogen bond. The electron-withdrawing inductive ef-
fect of H atom can greatly reduce the charge density of O
in the titanium alkoxide, and then weaken the bond
strength of the Ti—O bond as well as the C—O bond. This
process also increases the polarity of above two bonds,
resulting in the red shift of the infrared peak position.

From the IR spectrum of precipitate slurry, it can be
clearly seen that Ti-O—Ti bond appears at 438 cm’,
which is mainly generated from the attacking of RO
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Tablel Peak position of samples at
different reaction stages (cm™')

Ti(OBu), Precipitate Precipi-

Ti(OBu), + AcOH slurry tate Attribution  Ref.
3334 - 3334 - OH [19]
2958 2958 2958 - C-H [20]
2933 2933 2933 - aromatic C-C [21]
2873 2873 2873 - C-H [20]
2700 - - - C-H [20]
1460 - - - —CH, [22]
1379 1419 - - -CH, [22]
1124 - - - Ti-O-C  [23]
1096 - - - Ti-0-C  [23]
1039 - - - Ti-0-C- [23]
611 613 - - Ti-O [24]

- 1724 1735 - —-C=0 [25]

- 1547 - - COO-group [26]

- 1290 - - Cc-0 [27]

- 1070 1074 - Cc-0 [28]

- 1028 1045 - Cc-0 [29]

- - 1458 - CH, [30]

- - 1378 - Sym COO  [31]

- - 1189 - Cc-O [32]

- - 881 - C-COO  [31]

- - 438 455 Ti-O-Ti  [33]
Catt \O\ ,/0/ Cély CHy 0 o _C,Hy
,o’Tl‘o\ + CH;COOH —> O‘,Ti: CaHs

CHy CHy cH' ~  'HOOCCH;

Fig.3 Mechanism of acetic acid coordinated with butyl titanate

group to the alkyl R in another Ti(OBu), molecule with
the formation of BuOBu simultaneously. BuOBu is dem-
onstrated by the FT-IR spectrum of the non-hydrolytic

H.
CHy _CJ,
N e

/Tl\ Catalyzer

polycondensation by-product, as shown in Fig. 4. The

“1B4indicates the

appearance of C—O-C bond at 1120 cm
formation of BuOBu. Moreover, there are not any other
peaks except Ti—O—Ti bond in the FT-IR spectrum of
precipitate, indicating the non-hydrolytic polycondensa-
tion reaction is complete.

Based on the above results, a schematic diagram
mechanism for the formation of TiO, nanoparticles is
presented in Fig. 5. Briefly, the hydrogen atom in hy-
droxyl group of AcOH (position 1) coordinates with
oxygen atom in Ti(OBu)4 (position 2) to form the hydro-
gen bond, which causes the weakness of the Ti—O and
C—O bonds. Therefore, it contributes to the formation of
Ti—O-Ti bond through the non-hydrolytic polycondensa-
tion process. After refluxing, the anatase TiO, nanoparti-
cles form through the rearrangement of Ti—O—Ti network.

The photocatalytic activities of as-prepared TiO, sam-
ple and P25 were studied and measurements were per-
formed by the photo degradation of MO under UV light.
The results are shown in Fig. 6(a, b), respectively. The
characteristic absorption of MO at 464 nm is chosen to
monitor its concentration. It is obvious that the main
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Fig. 4 FT-IR spectrum of the non-hydrolytic polycondensa-
tion by-product
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Fig. 5 Schematic diagram of the proposed mechanism for the formation of TiO, nanoparticles



%5 10 3] JIANG Feng, et al: Anatase TiO, Nanoparticles: Facile Synthesis via Non-aqueous Precipitation and Photocatalytic Property 1139

0.6 -(a
@ 0o
05k 15 min
L 30 min
0.4 60 min
g 120 min
£ 03
2
2 0.2
0.1
0t
300 400 500 600 700
Wavelength / nm
1.0 - —=—TiO,
L (b) —e—P25
0.8 -
S 0.6 -
© 04
02
0 C 1 1 1 1 1

0 20 40 60 80 100 120
t/ min

Fig. 6 Photodegradation effect of TiO, nanoparticles

(a) UV-Vis absorption spectra of MO solutions after photocatalytic
performance test at different time intervals; (b) Photodegradation rate
of MO after photocatalysis by TiO, nanoparticles and commercial P25
powders

absorption peak has basically disappeared after 60 min,
indicating the anatase TiO, nanoparticles have a high
degradation activity due to their large surface area. After
irradiation for 120 min, the anatase TiO, nanoparticles
remove about 99.81% of MO. In comparison, commer-
cial P25 powders with the surface area of 37.0 m%/g are
employed to remove MO, and their degradation rate is
only 55.06% after 120 min, which is much lower than
that of as-prepared TiO,. This is mainly because the large
surface area of as-prepared TiO, sample (169.4 m?/g)
might benefit the photocatalytic degradation of MO.

Furthermore, photocatalytic reactions can be ex-
pressed by the Langmuir-Hinshelwood (L-H) model"*”.
The photo degradation of MO obeys pseudo-first order
kinetics as compared to the initial concentration of MO:

In(c,/cy) = —-Kt+ C (1)
Where, ¢, and ¢, are the initial and final MO concentra-
tion, at time =0 and #=¢ respectively. K is the reaction
rate constant, which is the slope of the plot —In(c,/co)
versus time.

Fig. 7 shows the In(c¢,/cy) —t curves of samples. And
the photocatalytic degradation rate constant for
as-prepared TiO, and P25 under UV light was found to
be 2.68 x10~ min~' and 3.1 x 10~ min"', respectively.
Thus, as-prepared TiO, is considered to possess superior
photo degradation ability, and it can be an ideal candidate
for pollution treatment.

1.0
0.5
0
-0.5
-1.0
-1.5
-2.0
-2.5
73.0 L 1 L 1 L 1 I 1 L 1 L 1
20 40 60 80 100 120
t / min

—=—T

—e— P25

In(c/c,)

T T T T T T T T T T T T T

(=)

Fig. 7 Kinetics of MO photodegradation (linear transform
In(c/cy) vs t in photocatalytic experiments)

3 Conclusion

In summary, anatase TiO, nanoparticles were prepared
via a facile non-aqueous precipitation method at low
temperature in anhydrous ethanol solvent. The glacial
acetic acid can increase the polarity of Ti—O bond and
C-O bond in tetrabutyl titanate, while promote the
non-hydrolytic de-etherization polycondensation reaction.
The as-prepared TiO, nanoparticles exhibit high disper-
sion with the particle size range of 5 nm-20 nm and a
specific surface area of 169.4 m*/g. All data demonstrate
that the TiO, nanoparticles have excellent degradation
performance to methyl orange, making it a promising
candidate for wastewater treatment.
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