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Photoactive anatase TiO2 nanoparticles with a size less than 10 nm were coated on barium
ferrite forming complete coverage by the controlled hydrolysis and condensation of titanium
bis-ammonium lactato dihydroxide in the presence of polyethyleneimine at a relatively low
temperature (95 °C). The as-prepared composite particles (hard magnetic barium ferrite
(core)-anatase TiO2 nanoparticles (shell)) can be utilized as a magnetic photocatalyst, which
can be fluidized and recovered by an applied magnetic field enhancing both the separation
and mixing efficiency for remediating fluids. The morphology of composite particles was
characterized with scanning electron microscopy and transmission electron microscopy. The
crystalline structure of TiO2 was characterized by X-ray diffraction and electron diffraction.
Energy-dispersive spectroscopy was utilized for the elemental analysis of the products. The
as-prepared TiO2-barium ferrite composite has higher photocatalytic activities than the
TiO2-barium ferrite composite heat-treated at 500 °C for 1 h. The higher photoactivities of
the unheated composite are ascribed to higher specific surface area and preservation of the
surface hydroxyl groups on TiO2.

Introduction

Titanium dioxide (TiO2) photocatalyst has been widely
studied for water and air purification.1-4 In fact, it is
regarded as the best semiconductor photocatalyst for the
destruction of organic pollutants in water and air.5,6 In
treating pollutants in water, TiO2 slurry is the most
commonly applied method.7 Because of its high specific
surface area and dispersion, TiO2 slurry has been
demonstrated to be more effective than immobilized
TiO2. However, the use of TiO2 slurry is still limited
mainly due to the difficulty to separate TiO2 particles
from treated water.8 Recently, iron oxide particles have
been coated with TiO2 to synthesize magnetic photo-
catalytic particles to recover the photocatalyst particles
from the treated water stream by applying an external
magnetic field.9-11 Amal et al.12,13 reported that they
synthesized the magnetic photocatalyst, which was

Fe3O4 coated with TiO2 or SiO2 and TiO2, with various
heat treatments and a couple of different TiO2 precur-
sors, that is, titanium butoxide and titanium isopro-
poxide. They demonstrated that the prepared magnetic
photocatalysts had comparable photocatalytic activities
with respect to anatase TiO2 that they prepared, which
yet need to be improved, compared to Degussa P25
photocatalyst. However, it has been reported that the
heat treatment, which is necessary to crystallize the
amorphous TiO2 coating, lowered the specific surface
area and the amount of surface hydroxyl groups of TiO2,
eventually decreasing the photoactivity of the magnetic
photocatalysts.14 To minimize the heat treatment step,
the modified sol-gel route was adopted to deposit
crystalline TiO2 directly onto the magnetic cores.14

However, the photoactive TiO2 layer did not form a
uniform coating on the surface of the magnetic cores;
rather, they formed patches on the surface when
crystalline TiO2 was directly deposited by the modified
sol-gel route. Gao et al.9 also reported that the heat
treatment led to converting the magnetic cores and TiO2
into an unfavorable Fe2TiO5 composite, deteriorating
the photocatalytic activity and magnetic properties.
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In this work, the magnetic photocatalyst was pre-
pared by controlled hydrolysis and condensation of
titanium bis-ammonium lactato dihydroxide (TALH) in
the presence of polyethyleneimine (PEI). TALH has
been used for synthesizing TiO2 particles15 and TiO2
coatings on various substrates.16-18 The advantages of
using TALH as a TiO2 precursor are that it is a water-
soluble precursor, which does not require an alcohol-
based solution, and it is stable at ambient temperature
in air, which eliminates the need for the use of an inert
atmosphere during hydrolysis and condensation proce-
dures. TALH also facilitates the control of hydrolysis
and condensation of a TiO2 precursor due to its stable
nature. The present work focused on the synthesis of
uniform photoactive crystalline (anatase) TiO2 layers on
the magnetic cores (barium ferrite) using a nonalkoxide
TiO2 precursor in water at relatively low temperature
(95 °C). The prepared hard magnetic photocatalysts can
not only be recovered but also fluidized by applying an
external magnetic field, enhancing both the separation
and mixing efficiencies for oxidizing organics in both
liquid and air.

Experimental Section

Materials. TALH ([CH3CH(O•)CO2NH4]2Ti(OH)2, 50 wt %
aqueous solution) from Aldrich Chemicals was used as the TiO2

precursor without any further purification. Barium ferrite
(BaFe12O19) from Arnold Engineering and PEI (Mw ) 1800)
from Alfa Aesar were used in this study. Deionized water (18.2
MΩ‚cm, Barnstead “E-Pure”) was used in all the experiments.
Degussa P25 photocatalyst was supplied by Degussa Corpora-
tion. HCl (0.1 N) aqueous solution was purchased from Aldrich.

Preparation of Samples. Two hundred milligrams of
barium ferrite particles were dispersed in 150 mL of 1 vol %
PEI aqueous solution and sonicated for 5 min in an ultrasonic
cleaning bath. After sonication, the PEI aqueous solution was
decanted, leaving only PEI adsorbed on barium ferrite particles
(PEI-barium ferrite). PEI-barium ferrite, 150 mL of deion-
ized water, and 2 mL of TALH were placed in a 250-mL flask
and the pH of the solution was adjusted to 5.5, employing a
0.1 N HCl aqueous solution. The prepared solution was
magnetically stirred for 30 min at room temperature and then
heated to 95 °C at a rate of 1 °C/min where it stayed for the
next 22 h. The prepared sample was recovered from the
solution by magnetic separation and washed with deionized
water and ethanol. The wet sample was then dried in an oven
at 60 °C for 2 days. Half of the dried sample was taken and
heat-treated in a furnace at 500 °C for 1 h.

Characterization. The sample images were taken with a
transmission electron microscope (TEM, JEOL 200CX) and a
high-resolution TEM (HRTEM, JEOL 2010F). A HRTEM was
also used to obtain the selected area diffraction patterns. The
elemental analysis was conducted using an energy-dispersive
X-ray spectroscope (Oxford). X-ray diffraction (XRD) patterns
of the powder samples were recorded with a Philips APD 3720
diffractometer. For the compositional analysis, 50 mg of the
sample was digested in 100 mL of the sulfuric acid and the
analysis was carried out with an inductively coupled plasma
(ICP) spectroscope (Perkin-Elmer Plasma 3200). The specific
surface area was measured using a BET analyzer (Quantach-
rome Nova 1200). Zeta potential was measured with a Zeta
Reader Mark 21.

Photocatalytic Degradation of Procion Red MX-5B.
Photodegradation of Procion Red MX-5B (Procion) was con-
ducted in a 100-mL Pyrex glass vessel with magnetic stirring.
The illumination sources were four 12-in. 8-W UV bulbs (UVP
Inc.) with a wavelength of 365 nm. Aqueous solutions of
Procion (50 mL, 10 mg/L) and photocatalyst particles (30 mg
of the composite particles, 2.2 mg of TiO2 particles or Degussa
P25, the same amount of TiO2 was used in all experiments)
were placed in a Pyrex vessel. At given intervals of UV
illumination, a specimen of the suspension was collected and
analyzed by UV-vis spectroscopy using a Perkin-Elmer
Lambda 800 spectrophotometer.

Results and Discussion

TiO2 Coating on Barium Ferrite. In Figure 1, the
measured zeta potential of barium ferrite and PEI-
adsorbed barium ferrite in deionized water is plotted
as a function of pH. PEI adsorption on barium ferrite
leads to significant charge reversal. As the pH is lowered
from pH 10, the zeta potential of PEI-adsorbed barium
ferrite particles increases and the highest value of zeta
potential is measured at pH 5.5, reversing the charge
from -38 mV to +92 mV. As the pH is lowered again
from pH 5.5, the zeta potential decreases. This behavior
can be explained from the adsorption and electrokinetic
properties of PEI. As the pH is lowered from pH 10, the
protonation degree of PEI increases, enhancing zeta
potential, whereas the adsorbed amount of PEI de-
creases due to the electrostatic repulsion between the
PEI segments, leading to reduction in zeta potential.
Adsorption and electrokinetic properties of PEI are well-
described elsewhere.19
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Figure 1. Zeta potential of (9) barium ferrite particles and
(b) PEI (Mw ) 1800)-adsorbed barium ferrite particles in
deionized water as a function of pH.

Figure 2. XRD patterns of (a) free TiO2 nanoparticles, (b)
free TiO2 nanoparticles heat-treated at 500 °C for 1 h, (c)
TiO2-barium ferrite composite, (d) TiO2-barium ferrite com-
posite heat-treated at 500 °C for 1 h, and (e) uncoated barium
ferrite particles. A ) anatase. B ) barium ferrite.

TiO2 Coating on Barium FerritesMagnetic Photocatalyst Chem. Mater., Vol. 16, No. 6, 2004 1161



In the TiO2 coating process, TALH, a doubly nega-
tively charged TiO2 precursor,20 is deposited onto the
positively charged PEI-adsorbed barium ferrite particles
through the electrostatic attraction at room tempera-
ture. As stated before, unlike an alkoxide precursor,
TALH is relatively stable at ambient temperature in
water. Therefore, it is easier to control its hydrolysis
and condensation. Another advantage of using TALH
as a TiO2 precursor is that hydrolyzed TALH can be
converted into anatase TiO2 nanoparticles upon heating
around 90-100 °C.16 With controlled heating, TALH
undergoes hydrolysis and condensation in a slow man-
ner onto the surface of the barium ferrite particles.
During refluxing at 95 °C, hydrolyzed TALH is con-
verted into a TiO2 network comprised of anatase TiO2
nanoparticles. TiO2 loading wt % of the prepared
composite is only 7.2% due to the relatively large size
of barium ferrite particles. The specific surface area for
the as-prepared composite particles (17.9 m2/g) is en-
hanced compared with that of uncoated barium ferrite
particles (4.1 m2/g) due to the coating of TiO2 nanopar-
ticles on barium ferrite. Meanwhile, heat treatment
resulted in the growth of TiO2 particle size, as evidenced
by the decrease of specific surface area (11.9 m2/g). The
average particle size of the coated TiO2, which was
measured using a BET analyzer, was 7.6 nm for the as-
prepared composite particles and 13.3 nm for the heat-
treated composite particles.

XRD patterns of free TiO2 nanoparticles (free TiO2
particles from the supernatant after magnetically sepa-
rating the composite particles), TiO2-barium ferrite
composite particles, and uncoated barium ferrite par-
ticles are presented in Figure 2. The peaks from anatase
phase of TiO2 are present in XRD patterns of TiO2
nanoparticles and TiO2 nanoparticles heat-treated;
however, peaks are very broad and weak due to their
nanocrystal size. When the XRD pattern of TiO2-
barium composite particles is compared with that of
uncoated barium ferrite particles, the strongest peak
of anatase TiO2 peaks is present at 25.6°; however, the
peak is weak and broad since the amount of TiO2
loading is low and the crystal size of TiO2 is much
smaller than that of barium ferrite.

The SEM images of the as-prepared TiO2-barium
ferrite composite particles and the uncoated barium
ferrite particles are given in Figure 3. Different surface
morphologies due to TiO2 coating on the barium ferrite
between the composite particles and the uncoated
particles are clear in Figure 3. The representative TEM
micrographs and selected area diffraction patterns of
the prepared samples are presented in Figure 4. Parts
(a)-(c) of Figure 4 are taken from the as-prepared
sample and (d)-(f) are from the sample heat-treated at
500 °C for 1 h. It is clearly seen that a TiO2 coating is
made on the barium ferrite, forming complete coverage
in Figure 4a,d. The thickness of the TiO2 layer is in the
range of 20-40 nm. (b) and (e) of Figure 4 are HRTEM
images of the TiO2 coating region. These lattice-resolv-
ing images show that coated TiO2 nanoparticles are
nanocrystalline. The selected area diffraction patterns
in (c) and (f) of Figure 4 confirm that the TiO2 coating
is composed of anatase nanocrystalline TiO2 particles.
The selected area diffraction pattern is the ring pattern,
which is characteristic of the pattern of nanocrystals.
EDS spectrum images taken from the TiO2-barium
ferrite composite is represented in Figure 5. Figure 5a
is taken from the core of the TiO2-barium ferrite
composite, showing the presence of Fe, Ba, Ti, and O
atoms, whereas Figure 5b is from the TiO2 coating
region, confirming the presence of only Ti and O atoms.

Photocatalytic Performance. The results of pho-
tocatalytic performances of the prepared TiO2-barium
ferrite composite particles for photodegradation of Pro-
cion Red MX-5B under UV illumination is shown in
Figure 6. The photocatalytic performance of a com-
mercial photocatalyst, Degussa P25, and the free TiO2

particles is also given in the figure for comparison. Both
of the as-prepared TiO2-barium ferrite composite and
the heat-treated TiO2-barium ferrite composite par-
ticles are photoactive, as can be seen in Figure 6;
however, both of them have lower photocatalytic activi-
ties than Degussa P25, which is known as the best
photocatalyst commercially available. The higher pho-
toactivity of Degussa P25 can be ascribed to several
factors including its larger specific surface area, the 70:
30 ratio between anatase and rutile, which tends to
promote charge separation, and the existence of surface
oxygen vacancies, with their effect on the production of
hydroxyl radicals. Nevertheless, it should be recalled
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Figure 3. SEM micrographs of (a) uncoated barium ferrite particles and (b) TiO2-barium ferrite composite particles.

1162 Chem. Mater., Vol. 16, No. 6, 2004 Lee et al.



that the magnetic photocatalyst could be easily recycled
while Degussa P25 cannot. Photoactivity of the as-
prepared composite is slightly higher than that of the
heat-treated composite particles. This is interesting

since the as-prepared (unheated) composite particles
have less perfect crystallinity than the heat-treated
composite particles. A crystallite form of TiO2, in ana-
tase or rutile phase, is necessary for an efficient pho-

Figure 4. TEM micrographs and selected area diffraction patterns of TiO2-barium ferrite composite. (a, b, and c) As-prepared
sample; (d, e, and f) sample heat-treated at 500 °C for 1 h. (a) TEM image of TiO2 coating on barium ferrite. (b) HRTEM image
of TiO2 coating and (c) its corresponding diffraction pattern. (d) Heat-treated TiO2-barium ferrite composite. (e) HRTEM image
of TiO2 coating and (g) its corresponding diffraction pattern.

Figure 5. EDS spectrum images of (a) TiO2-barium ferrite composite particle and (b) TiO2 coating region of the composite. The
unlabeled peaks are adventitious copper.
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tocatalyst.21 However, the effects of smaller crystal sizes
of TiO2 nanoparticles in the unheated composite par-
ticles compensate for and overcome the effects of the
degree of crystallinity. The smaller TiO2 nanoparticles
in the unheated composite lead to higher specific surface
area, resulting in higher photocatalytic activities. An-
other important advantage that the unheated composite
has is its better surface property. During the heat
treatment of the composite, there is loss of the surface
hydroxyl groups on TiO2, reducing the active sites for
the photocatalytic reaction.22,23 Preserving the surface
hydroxyl groups on TiO2 by minimizing the heat treat-

ment can be one of the reasons for higher photoactivities
in the unheated composite particles. The heat treatment
can also lead to oxidation of the magnetic core, resulting
in loss of magnetic properties.

Conclusion

In this work, TiO2 has been coated on barium ferrite
by the controlled hydrolysis and condensation of tita-
nium bis-ammonium lactato dihydroxide, a water-
soluble precursor, from an aqueous system forming
complete coverage. It was found that the TiO2 coating
is composed of anatase nanoparticles with a size less
than 10 nm. The photocatalytic activities of the prepared
TiO2-barium ferrite composite particles have been
tested by the photodegradation of organic dye under UV
illumination. The photoactivity of the as-prepared com-
posite was higher than that of the heat-treated com-
posite. The synthesized hard magnetic composite par-
ticles can be not only recovered but also fluidized by
applying an external magnetic field, enhancing both the
separation and mixing efficiencies for treating water
and air.
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Figure 6. Results of photodegradation of Procion Red MX-
5B under UV irradiation with (9) no photocatalyst, (b) TiO2-
barium ferrite composite heat-treated at 500 °C for 1 h, (2)
TiO2-barium ferrite composite, ([) free TiO2 particles heat-
treated at 500 °C for 1 h, (+) free TiO2 particles, and (1)
Degussa P25.
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