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a b s t r a c t

Recyclable Fe3O4/hydroxyapatite (HAP) composite nanoparticles have been developed as a novel pho-
tocatalyst support, based on the embedment of magnetic Fe3O4 particles into HAP via homogeneous
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precipitation method. The resultant nanoparticles were characterized by transmission electron micro-
scope (TEM), Fourier transform infrared (FTIR) spectrometer and X-ray diffraction (XRD). These particles
are almost spherical in shape and have a unique size of about 25 nm in diameter. The Fe3O4/HAP nanopar-
ticles show superior catalytic activity in the process of the diazinon degradation under UV irradiation. The
superparamagnetic properties of the Fe3O4/HAP nanoparticles provide a convenient route for separation

reacti
with
hotocatalytic degradation
eusability

of the catalyst from the
catalyst could be recycled

. Introduction

With the rapid development of nanostructured materials and
anotechnology, magnetic nanoparticles have received consid-
rable attention [1,2]. Compared with the corresponding bulk
aterial, magnetic nanoparticles possess unique property, namely

uperparamagnetism, in addition to their low toxicity and bio-
ompatibility. This means that these particles are attracted to a
agnetic field but retain no residual magnetism after the field is

emoved [3–5]. Thus, suspended superparamagnetic particles in
olution can be removed from a reaction mixture using an exter-
al magnet, but they do not agglomerate after removal of the
xternal magnetic field. The physiochemical properties of magnetic
anoparticles enable them to have a great potential for many appli-
ations in various fields, such as magnetically assisted drug delivery
6–8], magnetic separation of biomolecules [9], magnetic reso-
ance imaging (MRI) contrast agents [10], gene manipulation and

mmunoassay [11], catalysis [12,13] and enzyme immobilization
14]. In addition, iron oxides were also used as natural photocata-
ysts to catalyze degradation of organic pollutants in environment
15–17]. However, in practical applications, these nanoparticles
xhibited some drawbacks, such as poor stability and large aggre-

ation. It has been demonstrated that iron oxide nanoparticles
ncapsulation provides an efficient route to prevent their aggre-
ation in liquid and improve their chemical stability. Iron oxide
anoparticles have been successfully encapsulated within poly-

∗ Corresponding author. Tel.: +86 0391 3983000.
E-mail address: zhengpengyang@yahoo.com.cn (Z.-p. Yang).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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on mixture by application of an external permanent magnet. The spent
out appreciable loss of catalytic activity.

© 2010 Elsevier B.V. All rights reserved.

mer [18,19], silica [20,21] and titania [22]. In the past years, HAP, a
main constituent of bones and teeth, has been used widely in such
fields as bone repairs, bone implant, bioactive materials and purifi-
cation and separation of biological molecules due to its excellent
biocompatibility, slow biodegradation, good mechanical stability
and great adsorption capacity [23–26]. The accommodation of mag-
netic nanocrystallites into the HAP matrix has been reported by
Hara and Zhang et al. and used as a high-performance heteroge-
neous catalyst [27–29]. Recently, HAP has been employed as a novel
photocatalyst for the degradation of organic contaminants under
UV irradiation [30,31]. However, to the best of our knowledge,
recyclable Fe3O4/HAP composite nanoparticles for photocatalytic
applications have not been reported.

In the present study, Fe3O4/HAP composite nanoparticles
with reusability and photocatalytic property were synthesized by
homogeneous precipitation method. The resultant magnetic HAP
nanoparticles were used for the degradation of the insecticide
diazinon which was selected as a model of organic pollutants. The
morphology, size, structure and magnetic properties of the result-
ing Fe3O4/HAP nanoparticles were characterized by TEM, FTIR,
XRD and vibrating magnetometer. The photocatalytic activity and
reusability of Fe3O4/HAP nanoparticles under UV irradiation were
also examined in detail.

2. Experimental
2.1. Materials

FeCl2·4H2O, FeCl3·6H2O, NH4OH solution (25%), (NH4)2HPO4
and Ca(NO3)2·4H2O were of analytical grade and obtained from

dx.doi.org/10.1016/j.cej.2010.09.001
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:zhengpengyang@yahoo.com.cn
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trum of Fe3O4/HAP nanoparticles, as expected. For example, O–H
stretching at 3420, O–H bending at 1650 cm−1, and stretching mode
of PO4

3− groups at 1100, 1050 and 566 cm−1. In addition, it was
noted that a new band at 570 cm−1 appeared in the IR spectrum
of Fe3O4/HAP nanoparticles, which was attributed to Fe3O4 (Fe–O
18 Z.-p. Yang et al. / Chemical Eng

hanghai Chemical Reagent Co. Diazinon was purchased from
igma Chem. Co. and used as received. All other chemicals were of
nalytical grade and used without further purification. Deionized
DI) water (resistivity of 18 M� cm) was obtained from a Millipore

illi-Q Water System (Millipore Inc.), and was used for rinsing and
or makeup of all aqueous solutions.

.2. Synthesis of Fe3O4/HAP composite nanoparticles

The preparation steps of Fe3O4/HAP composite nanoparticles
ere described as follows. 25% NH4OH solution (10 mL) was

lowly dropped into a 30 mL aqueous solution with 1.85 mmol
eCl2·4H2O and 3.7 mmol FeCl3·6H2O with vigorous mechanical
tirring (1300 rpm). The reaction mixture was heated at 80 ◦C for
0 min, and the medium pH was maintained at 10 by the addition of
queous ammonia solution during the reaction. The magnetic dis-
ersion was then stirred for 1.5 h at 90 ◦C upon addition of a citric
cid solution (0.1 M). N2 was bubbled throughout the reaction. Sub-
equently, the resultant ultrafine magnetic particles were treated
y magnetic separation and washed several times by DI water, and
hen redispersed into an aqueous suspension (50 mL). Thereafter,
00 mL aqueous solution (pH 11) with 33.7 mmol Ca(NO3)2·4H2O
nd 20 mmol (NH4)2HPO4 was added dropwise into the obtained
agnetic suspension over 30 min with continuous stirring. The

esultant milky solution was heated to 90 ◦C, after 2 h, the mix-
ure was cooled to room temperature and aged overnight. The dark
rown precipitate formed was filtered, washed repeatedly with
I water until neutral, and air dried under vacuum. Finally, the
s-prepared sample was calcined at 400 ◦C for 3 h.

.3. Characterization

The morphology and size of the resulting Fe3O4/HAP nanopar-
icles were examined on a Hitachi model H-800 TEM at an
ccelerating voltage of 120 kV. Infrared spectra were recorded
n Nicolet 200SXV FTIR spectrometer using a KBr wafer. X-ray
iffraction was performed on a Rigaku D/MAX-RC X-ray diffrac-
ometer using Cu K� radiation. The magnetization measurements
ere performed at room temperature using model 155 vibrating
agnetometer. The concentration of the insecticide diazinon was

etermined using a Shimadzu UV-1601 UV/Vis spectrophotometer
t 247 nm.

.4. Photocatalytic experiments

The photocatalytic procedure of diazinon was described as fol-
ows. Firstly, a solution containing 10 mg/L diazinon and Fe3O4/HAP
anoparticles was prepared and kept in the darkness for several
inutes. Subsequently, the prepared suspension was irradiated
ith UV light under continuous stirring, the UV lamp used was
30 W low-pressure mercury lamp (Philips, 254 nm). After illumi-
ation for some time, the suspension was sampled and filtrated
hrough disks to remove Fe3O4/HAP nanoparticles before determi-
ation of diazinon concentration. According to the change in the
oncentration of diazinon, the photodegradation rate (X) of diazi-
on versus time is given by:

= C0 − C

C0

here C0 is the initial concentration of diazinon, and C is the con-
entration of diazinon at time t.
.5. Procedure for recycling experiment

After the photocatalytic reaction, Fe3O4/HAP nanoparticles
ere assembled on the side wall of the reactor by an external
Fig. 1. TEM image of as-synthesized Fe3O4/HAP composite nanoparticles.

permanent magnet and the reaction solution was removed. The
catalyst was washed several times with DI water, and then used to
start the next run under the same experimental condition.

3. Results and discussion

3.1. Characterization of Fe3O4/HAP nanoparticles

Fig. 1 shows the morphology of the resulting Fe3O4/HAP
nanoparticles, TEM observation indicates the as-prepared
Fe3O4/HAP nanoparticles are almost spherical in shape, rather
monodisperse and have a unique size of about 25 nm in diameter.
The uniform characteristics of the Fe3O4/HAP nanoparticles would
provide them with rapid response toward magnetic field, which
is of interest to their application. Furthermore, the outer HAP
shell is to avoid the corrosion of Fe3O4 particles and keep a stable
dispersion compared to those without any protection.

Fourier transform infrared spectroscopy proved to be use-
ful to characterize the Fe3O4/HAP nanoparticles. Pure HAP and
Fe3O4/HAP nanoparticles were analyzed by FTIR (Fig. 2). It was
found that all characteristic bands of HAP appeared in the IR spec-
Fig. 2. FTIR spectra of HAP and Fe3O4/HAP composite nanoparticles.
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Fig. 3. XRD patterns of Fe3O4 and Fe3O4/HAP composite nanoparticles.

tretching). Infrared analysis not only strongly confirmed the for-
ation of Fe3O4/HAP nanoparticles encapsulated by HAP, but also

ndicated that no obvious interaction existed between Fe3O4 and
AP, namely Fe3O4 particles were embedded into HAP shell by
omogeneous precipitation method. In order to further verify the
resence of HAP at the surface of Fe3O4, XRD was employed to
ain evidence for the Fe3O4/HAP nanoparticles. Fig. 3 shows the
RD patterns of the Fe3O4/HAP nanoparticles, as well as the Fe3O4
anoparticles. The main peaks at 2� = 30.1◦, 35.4◦, 43.1◦, 56.9◦,
nd 62.5◦, which were in agreement with the XRD peaks of pure
e3O4 nanoparticles, were observed in the Fe3O4/HAP nanoparti-
les. Additionally, a comparatively broad diffraction peak at about
� = 32.1◦ was a characteristic peak of HAP. Thus, XRD further con-
rmed the formation of Fe3O4/HAP. Furthermore, this also revealed
hat the phase change of Fe3O4 did not take place in Fe3O4/HAP
anoparticles, namely Fe3O4 particles embedment into HAP was a
hysical process, which was in good agreement with the result by
TIR analysis.

The magnetic property of as-prepared Fe3O4/HAP nanoparti-
les was studied by a vibrating-sample magnetometer. As shown
n Fig. 4, a weak hysteresis loop was observed, indicating that the

esultant Fe3O4/HAP nanoparticles were superparamagnetic. From
he plot of magnetization versus H, the saturation magnetization
Ms) and coercive force (Hc) were estimated to be 5.2 emu/g and
Oe, respectively. These magnetic properties are quite different

ig. 4. Magnetization curve of as-synthesized Fe3O4/HAP composite nanoparticles.
Fig. 5. Effect of pH on the photocatalytic degradation of diazinon at irradiation
time of 30 min. 10 mg/L diazinon; 4.0 g/L Fe3O4/HAP; average of three experiments
(mean ± S.D.).

from bulk Fe3O4 particles (Ms = 84 emu g−1 and Hc = 500–800 Oe
[32]). The reduced Ms can be explained by considering the dia-
magnetic contribution of the HAP surrounding the Fe3O4 cores,
which will weaken the magnetic moment, whereas the low Hc

may be resulted from the size of Fe3O4 particles embedded into
HAP. In addition, it was worth noting that the remanence of
the Fe3O4/HAP nanoparticles was zero once the applied magnetic
field was removed, which further proved the superparamagnetic
behavior of the Fe3O4/HAP nanoparticles. Since HAP was not mag-
netic, the ferromagnetic properties of Fe3O4/HAP nanoparticles
should derive from the magnetic Fe3O4 particles in Fe3O4/HAP
nanoparticles. The superparamagnetic property of the Fe3O4/HAP
nanoparticles is critical for their application in industrial cataly-
sis, environmental protection, biomedical and bioengineering field,
which prevents them from aggregation and enables them to redis-
perse rapidly when the magnetic field is removed.

3.2. Photocatalytic degradation of the insecticide diazinon in
aqueous Fe3O4/HAP suspension

The pH values of the different wastewater are different, and it
influences the photocatalytic reactions for removal of the pollu-
tants. Similarly, the pH plays an important role in the degradation
of diazinon. The effect of the initial pH from 4.5 to 8.5 on the pho-
todegradation rate of diazinon at a fixed reaction time (30 min) is
shown in Fig. 5. It was observed from the figure that the X value
increased with increasing pH up to 5.5 and then decreased. Such
results could be closely related to the establishment of acid–base
equilibria governing the surface chemistry of nanoparticles in
water. It has been reported that the ZPC (zero point of charge) of
HAP is 6.8 [31], and the given pKa for diazinon is 2.6 [37]. The effect
of pH on the photocatalytic performance can be thus explained
in terms of electrostatic interaction between the catalyst surface
and the target substrate. Such interaction would be enhanced or
hindered depending on whether attractive or repulsive forces pre-
vail, respectively. Diazinon is negatively charged at pH above 2.6,
whereas HAP is positively charged at pH below 6.8. As expected,
optimal interaction was found at pH 5.5, which was between 2.6
and 6.8. Thus, electrostatic attraction could be established between
HAP and diazinon, exhibiting a high degradation rate.
Photocatalytic degradation of diazinon depended on the amount
of the catalyst used. Fig. 6 shows the photodegradation rate of diazi-
non when the concentration of Fe3O4/HAP was varied from 2.0 to
6.0 g/L. According to Fig. 6, the X value increased with an increase
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ig. 6. Effect of Fe3O4/HAP amount on the photocatalytic degradation of diazinon at
rradiation time of 30 min. 10 mg/L diazinon (pH 5.5); average of three experiments
mean ± S.D.).

n Fe3O4/HAP concentration up to 4.0 g/L, and after that a further
ncrease in catalyst concentration lead to a slow decrease in the

value. The observation can be understood from two aspects. On
ne hand, the increase of Fe3O4/HAP concentration will increase the
umber of photons absorbed and also the number of the diazinon
olecules absorbed. And a further increase of the catalyst con-

entration beyond 4.0 g/L may cause light scattering and screening
ffects, which will hinder the penetration of light and reduce the
pecific activity of the catalyst. On the other hand, at high catalyst
oncentration, it is difficult to maintain the homogeneous suspen-
ion due to particle agglomeration, which may also reduce the
atalytic activity. So the X value of diazinon decreases gradually.
n the present study, the optimum concentration of Fe3O4/HAP is
ound to be 4.0 g/L for the degradation of diazinon.

Photocatalytic activity of Fe3O4/HAP nanoparticles was evalu-
ted by monitoring the degradation rate (X) of diazinon selected as
he deputy of organic pollutant in aqueous Fe3O4/HAP suspension.
ig. 7 shows the change in X value as a function of time during
he degradation of diazinon. No obvious change in X value was

bserved in the dark, indicating that it was difficult for the degra-
ation of diazinon in the absence of light. However, The X value was
igher in the presence of Fe3O4/HAP nanoparticles and it was found
hat 75% removal of diazinon could be achieved in a short irradi-
tion time, about 60 min. This was in high contrast with the 5%

ig. 7. The degradation of diazinon as a function of time. 10 mg/L diazinon (pH 5.5);
.0 g/L Fe3O4/HAP; average of three experiments (mean ± S.D.).
Fig. 8. Reusability of Fe3O4/HAP nanoparticles. Experimental condition: 10 mg/L
diazinon (pH 5.5); 4.0 g/L Fe3O4/HAP, irradiation time of 30 min.

degradation obtained in the direct photolysis. The results demon-
strated that a photocatalyst, such as Fe3O4/HAP was needed for
the effective destruction of diazinon. Namely, the observed high
degradation in the UV+ Fe3O4/HAP process is exclusively attributed
to the photocatalytic reaction of the Fe3O4/HAP nanoparticles. The
degradation process can be explained as follows. The band gap val-
ues of Fe3O4 and HAP are 5.5 eV [33] and 3.9 eV [34] respectively,
HAP with low band gap is a suitable candidate to be used as a pho-
tocatalyst. In addition, the Fe3O4/HAP composite nanoparticles are
prepared based on the embedment of magnetic Fe3O4 particles into
HAP via homogeneous precipitation method, the outer component
is mainly HAP. Thus, the photocatalytic behavior mostly lies on the
HAP. When HAP is illuminated with UV light, the photo-induced
electronic excitation will happen, the electronic state of the sur-
face PO4

3− group will change and create a vacancy on HAP and the
electron is transferred to the surrounding oxygen followed by the
formation of •O2

− radicals [30,35,36]. The generated superoxide
radical is a powerful oxidizing agent, which can not only oxidize
the diazinon molecules, but also react with water molecules and
−OH ions and produce •OH radicals which will further oxidize the
diazinon molecules present at or near the surface of HAP.

3.3. Reusability of Fe3O4/HAP nanoparticles

Reusability of Fe3O4/HAP nanoparticles was evaluated by mea-
suring the photodegradation rate of diazinon seven times under
the same experimental condition and the obtained results were
showed in Fig. 8. The photodegradation rate of diazinon exhibited
a slight change, and kept almost 95% of the initial degradation rate
till the seventh cycle. Such results demonstrate that Fe3O4/HAP
nanoparticles can be recoverable by using an external permanent
magnet and reusable with meager loss in activity during the oxida-
tion of diazinon.

4. Conclusions

Fe3O4/HAP composite nanoparticles with reusability and pho-
tocatalytic property have been synthesized by homogeneous
precipitation method. The analyses of TEM, FTIR and XRD reveal
that the obtained nanoparticle size is about 25 nm, and Fe3O4 par-

ticles embedment into HAP is a physical process. The degradation
experiments of pollutant indicate that Fe3O4/HAP nanoparticles
can be employed for effective degradation of the insecticide diazi-
non under UV irradiation, and the optimal degradation conditions
obtained are pH 5.5 and Fe3O4/HAP amount 4.0 g/L. Magnetic
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easurement shows that Fe3O4/HAP nanoparticles are super-
aramagnetic with a saturation magnetization of 5.2 emu/g and

coercive force of 0 Oe. The superparamagnetic property of
e3O4/HAP nanoparticles will prevent them from aggregation and
nable them to redisperse rapidly when the external magnetic
eld is removed. Furthermore, recyclable measurements prove that
e3O4/HAP nanoparticles can be reused without loss of high cat-
lytic activity. The recyclable Fe3O4/HAP photocatalyst, we believe,
ill find much potential for a large variety of applications.
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