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Abstract Novel magnetic-nanometer titanium dioxide/
ferriferous oxide (TiO,/Fe;04) composite photocatalyst
was prepared using acid—sol and homogenous precipitation
methods. The photocatalyst particle was made of a Fe;0,
core covered with nanocrystal anatase TiO,, without a high-
temperature heat-treatment step. The catalyst has been
characterized by X-ray diffraction, transmission electron
microscopy, differential thermal analysis measurements,
and ultraviolet spectrum. The results suggested that titania
was mainly presented as anatase and Fe;O, did not appear
on the surface of the composite particles when the molar
ratio of TiO,/Fe;0, increased to 20:1 in the acid-sol
method, but 5:1 in the homogeneous precipitin method. The
size of the crystal was ranged from 2.4 to 3.6 nm prepared
by both methods. In the catalytic test, the composite parti-
cles, which were prepared by acid—sol, had higher catalytic
activity than that prepared by homogenous precipitation
method due to the size difference of the composite particles.

Introduction

TiO, is an excellent photocatalyst for its high catalytic
efficiency, low toxicity, and good corrosion resistance. It
can degrade and mineralize most kinds of organic pollu-
tants, such as dyes, detergents, pesticides, and herbicides
[1-6]. However, the practical applications were prohibited
due to its two disadvantages. First, low photo-quantum
efficiency resulted from the high recombination of photo-
generated electrons and holes; second, the electron—hole
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pairs can only be excited under the UV light. The fact
implied that only 3-5% of the solar spectrum can be used.
This phenomenon is ascribed to the large band gap (Ebg,
anatase =~ 3.2 eV, Ebg, rutile & 3.0 eV) of TiO, [7]. In
order to solve these problems, many methods were devel-
oped and doping methods provides a more promising
alternative than other methods [8-10].

As for doping elements, transition metals have been
extensively used to improve the photocatalytic perfor-
mance of TiO, catalysts [11-14]. At the same time, recy-
cling of TiO; is a difficult problem for most of researchers.
Since a liquid—solid separation is needed for TiO, powders,
immobilized photo catalysts are an attractive option for its
easy separation from the treated water. However, the
degradation efficiency is lower because its less surface area
is contacted with pollutants. Watson and coworkers [15—
17] prepared TiO,/Fe;0,4/Si0,, TiO,-Fe;0,4, and FexOy—
TiO, magnetic composite materials by liquid deposition
process, plasma sputtering process, and ultrasonic synthesis
process. The effect of high-temperature treatment on
phase-conversion phenomenon and photocatalytic activity
of TiO, were studied. A kind of loaded photocatalyst of
TiO,/Fe,05 (TF), which was prepared by Gao et al. [18],
could photo-degrade organic pollutants effectively in the
dispersion system and could be recycled easily by a mag-
netic field. The sample sintered at 500 °C showed the
highest activity for the degradation of aqueous solution of
acridine dye. Much effort [19-24] was focused on the
synthesis of TiO,/Fe;0,4, which not only had a great pho-
tocatalytic properties, but also could enlarge the range of
excitation spectrum and be easily separated by magnetic
field for recycling. To the best of our knowledge, however,
most of the catalysts had been sintered at high temperature
before they could possess high-catalytic activity and no
mild methods were applied for obtaining those materials.
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In this study, a magnetic nano-material (TiO,/Fe3;0y,
composite) was synthesized by acid—sol and homogenous
precipitation methods, which do not need high-temperature
treatment (reaction temperature < 110 °C). As titanium
dioxide and ferriferous oxide are transition metal oxides,
their physical properties are similar and can coexist. The
morphological structure and photocatalytic activities of
TiO,/Fe;0,4 prepared with two methods were characterized
and compared. The morphological structure was charac-
terized with X-ray diffraction (XRD), transmission electron
microscopy (TEM), and differential thermal analysis
(TG-DTA).The photocatalytic activities of TiO,/Fe;Oq4
photocatalyst were tested using the dye of active brilliant
red X-3B. The analysis of the composite was summarized in
our previous article [25], and further analysis and compari-
son of different particles were presented in this article.

Experimental
Materials

Polyethylene glycol (PEG)-4000 (Shanghai Pudong high-
chemical plant in Southern) was used as dispersant;
FeCl,-4H,O (Shanghai chemical plant south field) was
used as the source of iron ions. Hydrogen peroxide 30%
(Lin’an chemical plant in Zhejiang) was used for getting
magnetic fluid; butyl titanate (chemical pure) and dehy-
drated alcohol (Hangzhou Long March Chemical plant)
were used for the synthesis of the titania nanoparticles by
acid—sol method. Urea and titanium sulfuric acid were used
for the synthesis of the titania nanoparticles by homoge-
nous precipitation method; 14.44 M nitric acid was used as
inhibitor to inhibit hydrolysis of butyl titanate. Sodium
hydroxide was used to adjust the pH of the solution. All
chemicals were of analytical grade. Deionized water (lab-
oratory made) was taken as aqueous media in all
experiments.

Synthesis of the photocatalysts
Synthesis of the magnetic fluid

35.5 g PEG and 15 mL H,0 were added to a three-necked
flask under ultrasonic vibration. After refluxing for 10 min,
the solution reacted by adding 40 mL H,O drop wise and
1% FeCl, under nitrogen atmosphere with vigorous stir-
ring. When the solution became uniform, 12 mL 0.06%
H,0, was added into the flask. The pH was adjusted to 11—
13 with NaOH (3 mol L™"). The reaction was performed at
55°C for 3 h to get the black uniform magnetic fluid. The
magnetic fluid was precipitated and separated in magnetic
field. The fluid dispersion was washed once every 4 h with

deionized water until the magnetic fluid was significantly
neutral. Finally, the magnetic fluid was quantitative to
25 mL (solid content: 0.039 g L™") for further using.

Acid-sol method

TiO,/Fe;0, composite photocatalysts were prepared by
acid—sol method as the following step: 8.5 mL butyl tita-
nate and 10 mL ethanol was mixed to form transparent
yellow solution. Then, 20 mL 1 mol L! HNO; was added
drop wise with vigorous stirring. After continuous stirring
for 1.5h and adjusting the pH to 1.5 with NaOH
(1 mol Lfl), a transparent solution (B) was obtained. And
then the transparent solution (B) was added to the magnetic
fluid (Fe;0,), the reaction was performed at pH 6-7 and
100 °C with stirring fiercely for 3 h. The composite pho-
tocatalyst was obtained after separating in magnetic field,
washing with deionized water, and drying at room tem-
perature for 24 h.

Homogenous precipitation method

In the homogenous precipitation method, titanium dioxide/
ferriferous oxide composite was prepared with following
procedure: In brief, first the pH of magnetic fluid (Fe;0,4)
was adjusted to 3—4 by 1 mol L™ sulfuric acid solution
before 0.1 mol L™! aqueous Ti (SQOy), solution was added.
Next, 1.2 mol L™" urea was gradually added to the solution
under the condition of pH 2-3, temperature 80-100 °C,
and vigorous stirring. After neutralization and hydrolysis,
the precursor of nano-TiO, could gradually packaged on
the surface of magnetic Fe;O, nuclear. The process of
peptizing and aging with heat treatment was carried out
with vigorous stirring for 3 h. The composite photocatalyst
was obtained after separating in magnetic field, washing
with deionized water, and drying at room temperature for
24 h.

Characterization of photocatalysts

The structure and morphology of TiO,/Fe;O, composite
photocatalyst were characterized by transmission electron
microscopy (TEM) JEM-2010 (HR) (Japan); X-ray dif-
fractometer (XRD) Rigaku (D/MAX2550PC) (Japan);
surface area meter ASAP 2010 (Micromeritics Instrument
Corporation) (N, atmosphere determination), and TG-DTA
SDT Q600 (TA Instruments) (argon in the atmosphere,
warming rate of 10 °C min™").

Measurements of photocatalytic activities

The photocatalytic activity of each magnetic material was
evaluated by the decoloration rate of reactive brilliant red
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X-3B dye. Reactive brilliant red X-3B is a common con-
taminant in industrial wastewater and it has good resistance
to light decoloration. 0.1 g magnetic material was added to
a beaker containing 50 mL 50 mg L' reactive brilliant
red X-3B solution. And then the mixture was stirred at
30 °C for 30 min to reach the adsorption—desorption
equilibrium. A GGZ-300W medium pressure mercury
lamp (4 = 365 nm, Shanghai Dengpao Chang Ya Ming,
photodegradation test for distance 20 cm) was used as a
UV light source. The analytical samples were separated by
centrifugal machine after reacting under UV light for 1 h.
The concentration of the filtrate was characterized with
U-3400 ultraviolet spectrophotometer at wavelength
540 nm, the maximum absorbance wavelength of dye.

The decoloration rate was calculated using following
formula:

Decoloration rate = (1 — A/Ap) x 100 %,

where Ap and A were the absorbance before and after
irradiation under UV light, respectively.

Results and discussion

XRD analysis of TiO,/Fe;0,4 catalyst prepared
at different reaction temperatures

The temperature not only determines the speed of reaction,
but also affects the crystal type, yield rate, and stability of
the synthesized product in some ways [26]. Figure 1
showed XRD patterns of the composite photocatalyst
(TiO,:Fe304 = 30:1) prepared at different temperatures by
acid—sol method. It could be seen from Fig. 1 that the
content of TiO, brookite phase (A) decreased with the
increasing of temperature. The brookite phase would con-
vert to anatase phase ([J), which had higher photo-catalytic
activity [27, 28] if the temperature increased from 50 to
110 °C. The diffraction peak of Fe;O, could not be found
from XRD. The crystallite size of the samples was calcu-
lated using the Scherrer’s equation: D = 0.89/fcosf [11],
where f is the width of the peak at half maximum. The
crystallite size of TiO,/Fe;0,4 prepared by acid—sol method
at different temperatures was 2.2, 2.5, 2.6, 2.8, 3.0, 3.3,
3.8 nm, respectively. It could be seen that the crystallite
size enlarged with temperature increasing. The same ten-
dency was observed in Fig. 2. However, it should be noted
that the crystallite size of TiO,/Fe;O4 prepared by the
acid—sol method was slightly smaller than that of prepared
by the homogenous precipitation method. The crystallite
size prepared by the latter method was 2.9, 3.3, 3.7, 4.2,
4.6, 4.9 nm, respectively, at different temperatures. The
decoloration efficiency of photocatalyst presented as a
downward trend due to quantum effect reduced with the
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Fig. 1 XRD patterns of the composite material prepared at different
temperatures of a 50 °C, b 60 °C, ¢ 70 °C, d 80 °C, e 90 °C, /100 °C,
g 110 °C by acid-sol method

I
f
il
@ [yl
& I
> I h
= /" L‘l\ r‘ll A V‘%
< Ml A ATA
= D i A A
= wmww"”,lr‘ \ M ,.,'“‘ AW/ ’ ra , 6
l’ r/r\ S h\‘ M F“\\ R m ‘mw/ %w o “’\M‘J‘ 5
s [\ \ Mﬁ ‘W/ LAY 4
ww"/ «‘\ "NM o et o s 3
ANty ”wwwww“wmwwmmWww~a
n 1 n 1 " 1 1 1 n 1 1 1 n
10 20 30 40 50 60 70 80

20(°)

Fig. 2 XRD patterns of the composite material prepared at different
reaction temperatures of / 70 °C, 2 80 °C, 3 90 °C, 4 100 °C,
5 110 °C, 6 120 °C by homogeneous precipitation method

crystallite size increase [29]. Moreover, the hydrolysis of
Fe;0, and magnetic fluid was restrained with the temper-
ature increasing, which was harmful to the recovery of
catalyst. In order to enhance the hydrolysis, the preparation
temperature was strictly controlled at 100 °C.

XRD analysis of TiO,/Fe;0,4 catalyst prepared
with different ratios

Figures 3 and 4 showed a series of XRD patterns of the
photocatalyst. The photocatalyst was prepared by the acid—
sol and homogenous precipitation methods with different
TiO,/Fe;0, ratios. In the acid-sol method, there was an
obvious peak of Fe;0, when the molar ratio of TiO,/Fe;0,
was smaller than 20:1. When the ratio was increased to
60:1, however, the Fe;O,4 peak totally disappeared. At the
same time, in the homogeneous precipitation method, the
peak of Fe;0, did not appear even the ratio of TiO,/Fe;0y4
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Fig. 3 XRD patterns of TiO,:Fe;0, catalyst prepared with different
ratios of a 60:1, b 40:1, ¢ 30:1, d 20:1, e 10:1, f4:1, g 2:1 by acid—sol
method
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Fig. 4 XRD patterns of TiO,/Fe;0, catalyst prepared with different
ratios of 7 5:1, 2 10:1, 3 20:1, 4 30:1, 5 40:1 by homogeneous
precipitation method

was 5:1. This phenomenon demonstrated that the small
crystal of anatase phase coated tightly on the surface of the
Fe;0, core, forming a TiO, shell. As both titanium dioxide
and ferriferous oxide are transition metal oxide, their
physical properties are similar and they can coexist. This
indicated that TiO, could be released slower to pack on the
Fe;0, surface in homogeneous precipitation process than
that in acid—sol process.

Further analysis of XRD spectrum showed that the
crystal size of TiO, particle on the photocatalyst was
between 2.4 and 3.6 nm. Most all of TiO, covered on the
Fe;0, surface was nanometer-crystal with quantum effi-
ciency [30].

TEM image of TiO,/Fe;0,4 composite photocatalyst
prepared with molar ratio of 30:1

Figure 5 was the TEM image of the Fe;O,4 core (Fig. 5a)
and the composite photocatalyst prepared with TiO,/Fe;0,

ratio of 30:1 by acid—sol (Fig. 5b), and homogenous pre-
cipitation method (Fig. 5c), respectively. The Fe;O, par-
ticle was mainly presented as cubic form with a size of
8—15 nm. When it was covered up by TiO,, the particle
became spheroid, and the size of composite particles
increased to 35-50 nm for the particle prepared by acid—sol
method and 60-80 nm for that prepared by homogeneous
precipitation method.

In the process of the preparation of composite materials
with acid-sol method, nano Fe;Q, act as a carrier, which
not only had very specific surface area, but also had a large
number of oxygen atoms. The oxygen atoms were pro-
duced due to broken bonds existing around its surface. A
very strong surface bond could be formed between the new
born titanium oxide and carrier surface, which could
decline the total free energy of the system. The reaction
was a very common spontaneous one in the thermody-
namic process. Oxides and salts are usually able to spread
into single layer on the high-specific carrier surface spon-
taneously. When the content of TiO, was lower than the
threshold value, it existed as dispersion form in monolayer
or sub-monolayer. It appeared as crystal phase when the
content reached the threshold value, TiO, content in
composite materials was much higher than that of Fe;O,,
and presented as nano-size particles. It was presumed that
TiO, could spontaneously disperse on the surface of Fe;O4
nuclear in single layer to form a uniform dispersion of
TiO,/Fe;04 composite.

The size of TiO,/Fe;O, particle prepared by homoge-
neous precipitation method was larger than that of prepared
by acid—sol method. The phenomenon was attributed to the
following two reasons. First, the reaction condition of
acid—sol method can be controlled easily. Second, in the
homogeneous precipitation process, TiO, precipitation
happens when CO(NHy), and Ti (SO4), are added to the
original alkaline solution. However, it is very difficult to
control the hydrolysis condition accurately.

TG-DTA curves of TiO,/Fe;04 nanocomposite
material

Figure 6 was the TG-DTA curve of PEG-4000 (Fig. 6a),
TiO,/Fe;0, composite particles prepared by acid—sol
(Fig. 6b), and homogeneous precipitation method (Fig. 6¢).
In the process of TiO,/Fe;O,4 materials preparation, PEG-
4000 acted as a dispersant, which could prevent agglom-
erating of TiO,-coated-Fe;0,4 nanoparticles. The PEG-4000
on the surface of the composite could be removed com-
pletely by repeated washing (this can be judged in TEM
figure). TG-DTA curve of PEG-4000 indicated that the
endothermic peak of PEG was emerged obviously only at
about 331 °C with 99.20% of weight loss. TG-DTA curve
of the composite synthesized by acid—sol method indicated
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Fig. 5 TEM images of Fe;04 (a), the composite material of TiO,/Fe;0, synthesized by acid—sol method (b), and homogeneous precipitation

method (c¢)
Fig. 6 The TG-DTA curves of (a) 5 0.0 (D) 104 4 T T T T T 0.00
PEG-4000 (a), TiO,:Fe;0, 100 - _ b _
nano-composite material g g
synthesized by acid—sol method 80 OC\) - -0.04 é\)
(b), and by homogeneous 101 5 96 5
precipitation method (c) S 60| % s %
5 1 g
z £ z F-0.08 =
B 40| 1-02 2 -2 88 a
B 2z 2
2 2
20 5 5
a % r-0.12 ﬂg_
103 5 801 a 5]
0t = =
s s . - : : : . . -0.16
0 100 200 300 400 500 0 120 240 360 480 600
Temperature/(°C) Temperature/(°C)
(¥
© r ] 0.00
B
£
S
o6 | 1-0.04 s
S 5
s &
= B2
5 88l 1-008 2
s E
a 5
£
80 012 &
n 1 n 1 n 1 n 1 n 1 n 1 n
0 100 200 300 400 500 600 700

Temperature/(°C)

water on the surface of material. And three obvious exo-
thermic peaks were presented with weight loss of 2.305,
2.749, and 3.086% at about 188, 245, and 300 °C,

that an endothermic peak was appeared around at 100 °C.
At that temperature, 12.57% of the weight loss was
appeared due to desorption and volatilization of adsorbed
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respectively [31]. However, the TG-DTA curve of the
composite synthesized by homogeneous precipitation
method indicated that the emergence of endothermic peak
with 14.14% of the weight loss was at about 100 °C.

As the control TG-DTA curve of PEG-4000, it was
believed that the heating release occurred due to the
decomposition of PEG, which was combined in the inner
part of composite materials for the existence of TiO,.
When PEG was added to the solution, bare oxygen exposed
on the surface of Fe;0,4 and TiO, caused PEG to wind on
the surface of magnetic colloidal particles through hydro-
gen bonds or physical adsorption. At the same time, PEG
could form loosen chelated material with Ti*", steric effect
of Ti*" could inhibit aggregation of ions effectively, which
reduced the size of the particles and improved the disper-
sion and uniformity of the [Ti(HO),(H,0),_.]“ *col-
loidal. As a non-ionic molecule, PEG was not sensitive to
the solution containing soluble salts and ionized material,
and could form a linear independent space among particles.
Thus, the particles could preserve regular space structures,
and formed the uniform through-pore structure in the
products finally with washing and high-temperature roast-
ing. Moreover, due to PEG also had strong surface activity;
it could not only reduce the surface tension of the solution,
but also weakened the surface tension and the Vander
Waals force between adsorbed water and particles [32].
These can protect the generated particles not to aggregate
and finally form dispersed nanoparticles.

The TG-DTA of the composite particles prepared by
acid—sol and homogenous precipitation methods was
compared. It showed obviously that the materials obtained
from acid—sol method had better dispersity, smaller particle
size, more bare oxygen exposed on the surface of the
materials, and more PEG was combined than that obtained
from homogenous precipitation method. All these factors
were at key positions to form the unstable structure and
more reactive PEG, which induced PEG decomposition at
lower temperatures. Thus, the weight loss of TiO, prepared
by acid-sol method was more than that of prepared by
homogeneous precipitation method.

Photocatalytic activity of TiO,/Fe;0, catalyst

Figure 7 was the degradation curve of TiO,/Fe;O4 pre-
pared by different methods. It was clear that the content of
TiO, on the surface of the catalyst increased with the
increasing of TiO,/Fe;0, ratio, which induced the photo-
catalytic degradation activity increased after exposing
under UV light for 1 h for TiO,/Fe;0, prepared with dif-
ferent methods. When the molar ratio of TiO,:Fe;O, was
ranged from 20:1 to 30:1, the catalyst decoloration rate for
reactive brilliant red X-3B could reach 100 and 97.12% for
the TiO,/Fe;04 prepared with acid—sol method and

6023
100 (- —" —
o D\D\-

95 |- — —
<
é 90 '/
Q
§ jm}
Z 85t /
8]
= o
s 80 /
2
2 75
A o —m— acid-sol method

70k 4 —o— homogeneous precipitation method

1 1 1 1 1 1 1 1
1:1 2:1 4:1  10:1  20:1 30:1 40:1 60:1

n(TiO,)/n(Fe;0,)

Fig. 7 Curves of photocatalytic decoloration rate of TiO,/Fe;O4
catalyst with different ratios by acid—sol and homogeneous precip-
itation methods

homogeneous precipitation method, respectively. For pure
nano-TiO,, however, the decoloration rate was only 95.3%.
This indicated that the composite TiO,/Fe;O, has better
photocatalytic activity than pure nano-TiO, [33]. The de-
coloration rate was decreased until the ratio exceeds 40:1.

The reasons for the catalyst efficiency improving can be
explained as follows. On the one hand, few free Fe™ ions
exist in magnetic Fe;O4 and the composite materials were
synthesized fiercely and continuously. The radius of Ti*t
six-coordinated complexes (74.5 nm) are similar with that
of Fe* six-coordinated complexes (69 nm) and Ti*" is a
multivalent ion with under-filled d orbit. Thus, the lattice of
Ti** could be occupied easily by Fe*', during TiO,
nanocrystals formation process, which lead to the genera-
tion of the defect [34]. Fe*>* can also serve as an electron
capture agent because the energy level of Fe’'/Fe’" is
close to the energy level of TiO, conduction band [35]. The
replacement of Ti*'* by Fe*" improves the capability of
capturing electric load flow, prolongs the life of electron—
hole pairs, and increases the photocatalytic activity. On the
other hand, the electron captured by Fe’" can easily
transfer to the surface of Ti*". Generally speaking, elec-
trical current load-transfer reaction is a slow process
(nearly to 1 s), and interfacial charge transfer occurs in
milliseconds. As for the nanocatalysts, due to lack of the
bond belt bending, electron—hole pairs can easily coexist or
very close to the interface, and cause electron to transmit
easily, which can also improve the photocatalytic activity
[36].

The degradation efficiency of catalyst (decoloration
rate) was decreased with the increasing of TiO,/Fe;Oy4
ratio. This was attributed to the following two reasons.
First, under the condition of low proportion of Fe;0, in the
composite TiO,/Fe;0,4, few relative infiltrate Fe’* may
cause few defect location on the surface of TiO,, which
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cannot inhibit the recombination of electron-hole pairs
[37]. Second, too much TiO, was coated on the surface of
Fe;0,, which resulted in an excessive recombination of
electron—hole pairs, impacted the formation of hydroxyl
radicals, and reduced the utilization of light.

Conclusions

TiO,/Fe;0,4 photocatalyst was prepared by acid—sol and
homogenous precipitation methods. Temperature and the
content of TiO, in the photocatalyst were the mainly fac-
tors, which affect the synthesis of the TiO,/Fe;O, photo-
catalyst. The results showed that the nanocrystal of TiO,
was the anatase with a magnetic Fe;0, core. The TiO,
crystal size was 2.4-3.6 nm, while the size of composite
particles prepared by acid—sol and homogenous precipita-
tion methods were ranged from 35 to 50 and 60 to 80 nm,
respectively. It was found that the TiO,/Fe;0,4 photocata-
lyst prepared by acid—sol method exhibited better mor-
phological structure and photocatalytic activity than that
prepared by homogenous precipitation method. TiO,/
Fe;0, prepared by the two methods showed better photo-
catalytic activity than that of pure nano-TiO,. And TiO,/
Fe;0,4 composite catalyst could be obtained without heat
treatment at high temperature.
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