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INTRODUCTION

Chemical reactions carried out under light illumination
with inorganic semiconductors presence are the subject of inten-
sive investigation during last 20-25 years'”. These reactions
called photocatalytic processes are one of advanced oxidation
technologies®”’. Semiconductor photocatalysis is an alternative
method for conventional water treatment technologies. Water
contamination is caused by various sources such as industrial
effluents, agricultural runoff and chemical spills. Industrial
effluents contain several non-biodegradable substrates that can
be harmful to the environment®. One major source of these efflu-
ents is the waste arisings from the industrial processes, which
utilize dyes to colour paper, plastic and natural and artificial
fibres®. A substantial amount of dyestuff is lost during the
dyeing process in the textile industry, which poses a major problem
for the industry as well as a threat to the environment'®",
Decoulourization of dye effluents has therefore acquired increas-
ing attention. During the past two decades, photocatalytic
processes involving TiO, semiconductor particles under UV
light illumination have been shown to be potentially advantageous
and useful in the treatment of wastewater pollutants.
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Using gelatin as a based template, monodispersed spherical TiO, nanoparticles were successfully synthesized by a novel gel-network |
precipitation(GNP) method. The well-crystallized anatase TiO, have narrow size distribution of 20 nm. The aim of our work was to |
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XRD, TEM, FT-IR, UV-VIS DRS and HPLC were used to characterize the samples. The results showed that the particle sizes were related
to the network structure of gelatin, not only could the crystalline phases and sizes of nanoparticles be controlled, but the aggregation and |
agglomeration could be prevented by gel-network. The products have smaller particle size and better homogeneity. To examine the |
photocatalytic activity of the samples, the photocatalyic degradation rate of rhodamine B (RB) was investigated in the suspension of TiO, |
nanoparticles. It was found that well-crystallized anatase TiO, (Y = 8 %) calcined at 650 °C for 2 h nearly induced complete degradation |
of rhodamine B. Relationship between degradation rate of rhodamine B and grain sizes of TiO, nanoparticles under different gelatin
concentration and calcination temperature were given. The enhancing of the photocatalytic activity was attributed to the increase of phase I
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TiO, is the most often used photocatalyst due to its conside-
rable photocatalytic activity, high stability, non-environmental
impact and low cost. Recently, many different methods have
been used in preparing TiO, nanoparticles. Among the various
methods, the thermal treatment of precursors obtained by
sol-gel"*", precipitating of TiCl,'® and Ti(SO,),"” have been
widely investigated due to the benefits of easily controlled
process. Conventionally, there are three well-known crysta-
Iline types of TiO, e.g., anatase, rutile and brookite. The phase
transition of A—R-TiO,, which occurs during calcination'®,
gives rise to transformed rutile powder, which has undergone
considerable aggregation and grain growth'. The above
characteristics are detrimental to the formation of TiO, nano-
particles. The literature concerning phase formation and
influence on photocatalytic activity in these powders, however,
contains conflicting results. Rhodamine B (C,sH;N,O;Cl) is
one of the most important xanthene dyes and hard to be
degraded, the titania-assisted photodegradation of rhodamine
B solution has been well studied®*, so we employed the
photocatalytic degradation of rhodamine B as a model reaction
to evaluate the photocatalytic activity of the TiO, samples.
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In this paper, a novel controlled synthesis technique for
TiO, nanoparticles using a gel-network precipitation (GNP)
method was reported, the as-synthesized samples were also
characterized by TG-DTA, XRD, TEM, FT-IR, UV-VIS DRS
and HPLC. Moreover, the influence of gelatin concentration
(i.e., the weight ratio of gelatin to gel-mixture, which is here-
after referred to as ) and calcination temperature on the crysta-
lline phases, crystallites sizes and photocatalytic activity of
the TiO, nanoparticles were studied. It is hoped that this paper
can give more significant results for preparation and charac-
terization of an efficient photocatalyst with high activity.

EXPERIMENTAL

TiO; Nanoparticles synthesis: The TiO, samples consis-
ting of 20 nm diameter anatase nanoparticles were synthesized
by a novel gel-network precipitation method with gelatin as a
based template. Ti(SO.),, NH;-H,O and gelatin were used as
starting materials. Gelatin was weighed at different weight ratio
(y)suchas4,5,8, 11, 14 and 17 %, then it was directly dissolved
in the 100 mL 0.5 mol L Ti(SO,), solution with vigorous
stirring at 70 °C in water bath and continuously stirred for
0.5 h at 70 °C, which make them almost as homogeneous
mixture. Then the mixture was cooled to 5 °C, turning to a
yellowish transparent gel. The gel-mixture was cut into small
pieces and then soaked in 150 mL, 4 mol L™ NH;-H,O solution
for 24 h at 5 °C. The hydroxides were precipitated in the gel-
network. The gel was washed three times with deionized water
(70 °C) to remove vitriolic ion and residual ammonia at 70 °C
in water bath and then dried at 105 °C. The dried powder
obtained is termed as the "precursor”. After an intermediate
grinding, the powder was subsequently calcined at various
temperature from 400-900 °C for 2 h in a muffle furnace in
air, producting fine TiO, powder. The obtained photocatalyst
was ground with an agate mortar before use.

Differential thermal analysis (DTA) and thermogravi-
metric (TG) analysis were carried out with a Shimadzu DT-40
analyzer, at a rate of 10 °C/min under static air conditions in
the temperature range 20-800 °C, to analyze the decomposition
reaction and phase transformation of the precursor. The crysta-
lline phase of the TiO, nanoparticles was analyzed by XRD
with a CuK, radiation at 40 kV with a graphite monochromator
and scans at 3°/min (20) with a Bruker D8 Advance X-ray
diffractometer. The particle size and morphology of the samples
were examined using a 200 CX transmission electron micro-
scope (TEM, Model 200CX, Jeol, Tokyo, Japan). To investigate
the changes in the local structure of TiO,, FT-IR spectra were
monitored by Bio-Rad FTS-40 (USA). The UV-VIS DRS
spectra were obtained by U-4100 spectrophotometer. The
BET surface areas were determined from nitrogen adsorption
data (Micromeritics, ASAP-2010).

Photocatalytic activity: All the photocatalysis experi-
ments were performed in a 350 mL hollow cylindrical
photoreactor equipment (SGY-1, Nanjing STO Co. Ltd.)
equipped with a quartz water jacket. The set-up is displayed
as in Fig. 1. A 300 W high-pressure mercury lamp with a
primary wavelength distribution at approximately 365 nm was
positioned in the inner part of the photoreactor and cooling
water circulated through the quartz jacket surrounding the

ater jacker
TV lamp
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Fig. 1. Scheme of the photoreactor

lamp. The average light intensity in the solution was about 8
mW cm™. Batch experiments were conducted at 25 + 2°C.

Before the exposure experiments, the experimental solu-
tion was prepared as follows: 350 mL rhodamine B solution
with the concentration of 100 mg L™ was piped into a brown
flask and 0.35 g photocatalyst was added into it under the
shaking in an ultrasonicator for 10 min. Then the solution was
transferred to the photoreactor, the O, was aerated to the
solution at a rate of 200 mL min™' and then the light was turned
on. The parallel aliquots of 5 mL were taken from the sample
port at various intervals for analysis after removal of the cata-
lyst by centrifugation at 4000 rpm for 20 min. The absorbance
of residual rhodamine B was detected by HPLC and the degra-
dation rate of rhodamine B was calculated.

RESULTS AND DISCUSSION

TG-DTA analysis of precursor: Fig. 2 showed the TG-
DTA curves of the precursor (Y = 8 %). It could be found that
there were three main stages during the weight loss process of
precursor from the TG curve. The first weight loss (ca. 8.1 %)
was observed at the temperature range from 52-273 °C, which
mainly resulted from the desorption or release of absorbed
water and some organic matters in the precursor, this loss step
was accompanied by a wide endothermic peak in DTA curve;
the second stage was that the rate of weight loss is ca. 13.9 %
between 273 and 429 °C, an exothermic peak appeared around
332 °C from the DTA curve, possibly resulting from the com-
bustion decomposition of the residual gelatin and the phase
transition of TiO, from amorphous to anatase; the third weight
loss (ca. 11.6 %) occurred from 429-544 °C, the strong exo-
thermic peak was also observed around 497 °C, corresponding
to the completion of anatase crystallization, C and CO com-
bustion process of the organic matters simultaneously. There
were no exothermic peaks above 554 °C, suggesting that pure
and well-crystallized TiO, has formed.

XRD analysis: XRD is usually used for crystal phase
identification and estimation of the anatase to rutile ratio as
well as crystallite size of each phase present. The XRD peaks
at26=25.25(101) and 48.0° in the spectrum of TiO, are easily
identified as the crystal of anatase form, whereas the XRD
peaks at 20 =27.42(110) and 54.5° are easily identified as the
crystal of rutile form®'®, The crystallite size can also be deter-
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Fig. 2. TG-DTA analyses of precursor

mined from the broadening of corresponding X-ray spectral
peaks by Scherrer formula: L = kA/(B cos 6), where L is the
crystallite size, A the wavelength of the X-ray radiation (CuK,
=0.15418 nm), K usually taken as 0.89 and [ is the line width
at half-maximum height®. This is a generally accepted method
to estimate the mean crystallite size of nanoparticle.

Fig. 3 showed the XRD patterns of the TiO, samples (y =
8 %) made from the precursor calcined for 2 h at the tempe-
rature range from 400-900 °C, which demonstrated the effects
of calcination temperature on phase composition and size of
the samples. Obviously, the amorphous phase crystallized to
the anatase structure at temperature of 400 °C, when the TiO,
was heated up to 550 °C and above, the products became
anatase, this was in good agreement with the results of TG-
DTA. However, the phase transition of A—R-TiO, did not
occur when the calcination temperature was 750 °C. When
the TiO, was heated up to 800 °C, the weaker phase trans-
formation from anatase to rutile began to appear. In addition,
the XRD peaks of anatase phase became sharper and stronger
with the increasing calcination temperature, indicating that
the crystallite of anatase TiO, was perfectly formed. The XRD
data also showed the crystal size of TiO, increased from 8.4-
50.9 nm by above Scherrer's formula as the temperature was
increased from 400-900 °C. Consequently, the crystalline
phases and sizes of TiO, nanoparticles synthesized by gel-
network precipitation method can be controlled during calci-
nation process which shifted the A—R phase transformation
to a higher temperature.
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Fig. 3. XRD patterns of the samples calcined at different temperatures

TEM analysis: The particle dimensions and morphology
of the TiO, sample (¢ = 8 %) were carried out through TEM
technique. Fig. 4(a,b) showed TEM photographs of TiO,
nanoparticles synthesized by calcined the precursor at 650 °C
for 2 h. It could be seen that TiO, nanoparticles were nearly
spherical with the average size of ca. 20 nm, which was in
good accordance with XRD results. For the comparison, the
specific surface area of TiO, samples and degussa P25 were
acquire under the BET adsorption. The sample (y = 8 %)
calcined at 650 °C possessed higher specific surface area (102.5
m’ g”" according to BET) than Degussa P25 (Sger =50 m* g™),
which increased the adsorption of the reactant and light and
thus enhance the photocatalytic activity.
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Fig. 4. TEM photographs of the sample calcined at 650 °C

Effect of reaction conditions on particle size: In this
paper, a novel gel-network precipitation method for the prepa-
ration of TiO, nanoparticles was constructed by combining
sol-gel technique precipitation process. Ti(SO4), were first
immersed into the gelatin solution to assemble three-dimen-
sional gel-network structure and Ti(IV) was immobilized by
decreasing temperature, then ammonia (4.0 mol L") were
chemisorbed onto the gelatin group of the gel-network. The
gel-network is similar to "nanometer reactor fabricated" by
microemulsion and macromolecule-emulsion solution which
can prevent the aggregation and agglomeration of nano-
particles. Fig. 5 shows the effect of preparation condition on
particle sizes of TiO, nanoparticles by changing gelatin
concentration and calcinations temperature. Fig. 5 showed the
particle sizes of the sample (650 °C, 2 h) decrease from 38.7-
11.1 nm with increasing gelatin concentration in the range of
4-17 %. Meanwhile, it can also be seen that the particle sizes
vary from 9.6-50.9 nm in the range 400-900 °C. Thus, fabri-
cation procedure of TiO, nanoparticles were optimized with
respect to the reaction conditions.

FT-IR spectra analysis: Fig. 6 showed the FT-IR spectra
of the precursor and TiO, samples (y = 8 %) calcined at diffe-
rent temperature in the range 4000-400 cm™, respectively. The
precursor FT-IR spectra showed the broad absorption region
at approximately 3500-3200 cmwas attributed to the O-H
stretching vibration and the band at 1641 cm™ was attributed
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compared to the absorption threshold of P25, indicating that
650C gap energies for TiO, sample the fact can be attributed to
stronger quantum effect on the anatase grains. It means that
S 450 for TiO, nanopowders the yields of the photogenerated
S r‘“c\ electron-hole pair would increase, because the photoreaction
% needs photons with lower energy to band gap broadening and
2 250C relatively the intensity of incident photons than can initiate
= M\ the TiO, photoreaction increase. It's favorable for the TiO,
recursor .
P photocatalysis.
Photodegradation of rhodamine B aqueous solution:
Fig. 8 shown the absorbance spectra of the rhodamine B
) aqueous solution (Cy = 100 mg L) in the presence of the TiO,
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Fig. 6. FT-IR spectra of precursor and the samples calcined at different
temperatures

to the O-H bending vibration of the physically absorbed
water’?’. A second typical absorption band at about 3145,
1404 cm™ were assigned to the stretching and bending vibration
of primary ammonia®*®. The Ti-O-C absorption peak occurred
at 1039 cm™.

In the FT-IR spectrum of the TiO, samples, both the O-H
bands decreased intensity with increasing calcination tempe-
rature, showing that the hydroxy groups were removed gradu-
ally from the precursor. The disappearance of the characteristic
bands NH," and Ti-O-C at 450 °C revealed that anatase TiO,
has already been formed. In addition, there's only one signi-
ficant spectroscopic band at around 500 cm™. This is the
characteristic bands of TiO, and the band can be clearly
observed to shift towards higher wavenumber with increasing
temperature from ca. 453 cm™ after calcined at 250 °C to 544
cm™ after calcined at 900 °C. These position variation could
be possibly related to phase separation and TiO, crystallization
together with quantum size effect.

UV-VIS DRS spectra analysis: Fig. 7 showed UV-VIS
DRS spectra of P25, as well as the corresponding spectra of
the TiO, sample (y =8 %, 650 °C). The UV-VIS DRS spectra
of TiO, sample revealed strong wide absorption bands in the
ultraviolet region of 300-380 nm and significant visible light
absorption. Absorption edges for TiO, sample synthesized by
gel-network precipitation shift to longer wavelength ca. 400 nm

sample (gelatin 8 %, 650 °C, 2 h) use as photocatalyst during
the irradiation, with wavelength covering from 400-600 nm.
With the increasing irradiation time up to 1 h, the intensity of
the maximum peak located near 554 nm decreased gradually
to a value near zero. No remarkable peak shift was observed.
To confirm that TiO, sample induce complete photodegradation
of thodamine B, 98 % degradation ratio and 96 % minerali-
zation ratio of thodamine B were observed using HPLC and
TOC, respectively. Under the irradiation of the high-pressure
mercury lamp, TiO, sample can absorb effectively ultraviolet
light and visible light, creating highly reaction electron and
hole pairs. The holes, together with hydroxyl radicals and
oxygen species, nearly completely oxidize the thodamine B
in aqueous solution to CO,, H,O and simple inorganic small
molecule.

Effect of gelatin concentrations on photocatalytic
activity of TiOQ,: Degradation of rhodamine B (100 mg L)
under the catalysis of TiO, (gel-network precipitation) nano-
particles were investigated in the presence of O, at the rate of
200 mL min"'. Meanwhile the degradation of rhodamine B
with TiO, nanoparticles in the darkness and the direct
photolysis of rhodamine B were also investigated in the same
condition. The results are shown in Fig. 9. No obvious degra-
dation of rhodamine B was observed in the darkness. When
illuminated with UV light, 37 % degradation of rhodamine B
within 1 h was observed. However, the degradation of
rhodamine B was greatly accelerated in the illuminated TiO,
suspensions. The concentrations of gelatin in gel-network
precipitation methods have significantly influence on the photo-
catalytic activity of TiO,. Complete degradation of rhodamine B
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Fig. 9. Relation between degradation ratio of rhodamine B and gelatin
concentration ()

occurred under the photocatalysis of TiO, (gel-network
precipitation) within 1 h. Our experiments expressed that the
degradation of rhodamine B TiO, was an apparent first-
order’™'. The apparent rate constants (Kos) of rhodamine B
under the catalysis of TiO, are 0.04976, 0.06618, 0.02955,
0.01723 and 0.01092 min™. The ke is 0.06618 min™' for TiO,

(gelatin 8 %), which is more than twice that of pure TiO,,
indicating that Zn** doping in the solid phase reaction methods
is an effective way to enhance the photocatalytic activity of
TiO..

Effect of calcination temperature on photocatalytic
activity of TiO,: In present experiment, TiO, nanoparticles
were synthesized by calcined from 500-900 °C and their
photocatalytic activities for rhodamine B degradation are
shown in Fig. 10. The ks is 0.0231, 0.05014, 0.06618,
0.04436, 0.01528 and 0.00869 min™ for TiO, calcined at 500,
600, 650, 700, 800 and 900 °C, respectively. Although the
photocatalyst calcined at 650 °C has a larger particle size (20
nm), it showed higher efficiency than that calcined at 500 and
600 °C in rhodamine B degradation. The TiO- only existed as
anatase, but when it was calcined at 800 °C, TiO, existed with
partly anatase and rutile. TiO, tranrformed mostly into rutile
at 900 °C.
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Fig. 10. Relation between degradation rate of rhodamine B and calcination
temperature

Conclusion

Using gelatin as a based template, a novel gel-network
precipitation method has been successfully synthesized
nanocrystalline TiO, photocatalysts. The well-crystallized
anatase products are spherical particles with narrow size
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distribution of 20 nm. Gelatin concentration and calcination
temperature have obvious influence on the size, sturcture and
activities of the samples, not only can the crystalline phases
and sizes of nanoparticles be controlled, but also the aggre-
gation and agglomeration can be prevented through gel-
network. To the photocatalytic activity of these materials, the
photocatalytic degradation rate of rhodamine B in water is
invistigated. It is found that the sample (gelatin 8 %, 650 °C,
2 h) can nearly completely degradate rhodamine B. The high
photocatalytic activity of TiO, is attributed to the increase of
phase transformation temperature and uniformity of the particle
size, obtained through the gel-network structure. Gel-network
precipitation method is the first combination of sol-gel technique
and precipitation process. Comparing with other methods, gel-
network precipitation is a simple, quick and inexpensive way
to make higher-active TiO,. It's provided a kind of effective
method for preparation of other nanometer powders.
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