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Abstract FeOx-hydroxyapatite (FeOx-HAP) composites with different FeOx con-
tents were prepared, and compared with pure FeOx, the FeOx-HAP composites
exhibit strongly magnetic behavior in an external magnetic field even after 600 ◦C
calcination. The combination of 57Fe Mössbauer and Fe K-edge XAFS indicates
that HAP can stabilize the size and crystal phase of γ-Fe2O3 during heat treatment.
Even after 600 ◦C calcination, the interaction imposed by HAP could produce large
amounts of distorted octahedral coordination Fe sites in the interior lattice and
then result in strong magnetism. The thermally stable γ-Fe2O3-HAP composites
may provide a new opportunity for developing efficient supported crystal-dependent
catalysts.
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1 Introduction

In recent years, magnetic iron oxide nanoparticles have been extensively employed
as catalyst supports especially in liquid phase catalysis in consideration of their facile
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recycle in reaction medium by adding an external magnetic field [1–4]. However the
magnetic iron oxide particles tend to be eroding, especially in acid environment,
and to be aggregating during reaction. To avoid these undesired disadvantages,
different protection shells were developed: surrounding by the terminal phosphoric
acid [1]; coating with inert materials such as silica [2] or hydroxyapatite (HAP)
[3]; modifying by ionic liquid [4]. Unfortunately, for these catalysts mentioned
above, the active sites and the support are isolated, and the iron oxide only plays
a role in magnetic separation. Actually, the support has an excellent capability in
promoting the catalytic activity of the active component [5]. Especially, when the
active component was support sensitive, like gold, different crystal structures of the
same oxide show quite different catalytic performances [6].

In our previous work, we designed a highly active gold catalyst, Au/FeOx-HAP,
with strong sintering-resistance and excellent durability under reaction atmosphere
[7]. Further characterizations revealed that gold deposited on the juncture of FeOx

and HAP, and the FeOx in Au/FeOx-HAP were mainly existed as maghemite even
after calcination at 600 ◦C (to be published soon in detail).

In this study, with the assistance of 57Fe Mössbauer and X-ray absorption near
edge structure (XANES) spectroscopic techniques, we make further investigation
on the influence of HAP on maghemite-to-hematite phase transfer.

2 Experimental

2.1 Composites preparation

The detail of preparation of FeOx and FeOx-HAP were reported elsewhere [7].
For FeOx, denoted by F, the samples as synthesized and further calcined at 300,
400, 500 ◦C for 6 h were denoted as F-FD, F-300, F-400 and F-500 respectively
in this work. FeOx-HAP (FH) with different contents of FeOx (12, 25, 50 and
75 wt.%) were prepared by using the proper amount of precursor (initial iron
solution (0.185 M)/ammonia water = 2 V/1 V, Ca2+ solution/PO3−

4 solution =
1 V/1 V, total volume was about 200 mL). The samples as synthesized and further
calcined at 400, 500, 600 ◦C for 6 h were denoted as xxFH-FD, xxFH-400, xxFH-500
and xxFH-600 respectively in this work (xx represents FeOx content).

2.2 Characterizations

The transmission electron microscopy (TEM) image was observed on a JEOL
JEM-2000EX microscope operated at 120 kV. The 57Fe Mössbauer spectra of the
prepared samples were recorded at 80 K or room temperature on a Topologic 500A
spectrometer, the 57Co(Rh) source is moving in a constant acceleration model. To
get the best fitted results, some samples were fitted by the γ-Fe2O3 model with
QS = 0, and full line width at half maximum (W1,6 = W2,5 + C = W3,4 + 2C, C equals
to constant). The XANES spectra were made at the BL14W1 beamline of SSRF,
SINAP (Shanghai, China) using a fixed-exit double-crystal Si (311) monochromator.
The storage ring was operated at 3.5 GeV with injection currents of 100 mA.
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Fig. 1 TEM image and
magnetic property of
50FH-600 (a); and images of
magnetic property for other
samples (b)
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Fig. 2 57Fe Mössbauer spectra
for 50FH sample after
different heat treatment
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3 Results and discussion

The TEM image of 50FH-600 and magnetic properties of FeOx-HAP and FeOx after
calcination are shown in Fig. 1. It can be seen that, in an external magnetic field,
the FeOx-HAP composites exhibit a strongly magnetic property even after 600 ◦C
calcination while FeOx become nonmagnetic after 500 ◦C heat treatment. The TEM
image of 50FH-600 indicates that both FeOx and HAP are evenly dispersed, and
the FeOx sphere nanoparticles are almost encapsulated in HAP due to the strong
interaction between FeOx surface and phosphate radical of HAP [8].

The 57Fe Mössbauer and Fe K-edge XANES were performed on 50FH and FeOx

samples to get an understanding of the influence of HAP on maghemite-to-hematite
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Table 1 57Fe Mössbauer parameters of 50FH and F at 80 K

Sample Oxidation ISa QSb Bhf Spectral Component
state of iron mm s−1 mm s−1 T area %c

50FH-FD Fe3+ 0.31 48.2 53.3 γ-Fe2O3

Fe3+ 0.31 40.6 46.7
50FH-400 Fe3+ 0.31 49.4 50.1 γ-Fe2O3

Fe3+ 0.32 45.1 49.9
50FH-500 Fe3+ 0.32 50.2 45.3 γ-Fe2O3

Fe3+ 0.30 47.0 54.7
50FH-600d Fe3+ 0.26 −0.21 50.6 81.3 α-Fe2O3

Fe3+ 0.24 1.04 18.7
F-FD Fe3+ 0.31 48.7 41.2 γ-Fe2O3

Fe3+ 0.31 44.2 58.8
F-300 Fe3+ 0.33 50.1 35.3 γ-Fe2O3

Fe3+ 0.30 47.3 64.7
F-400d Fe3+ 0.25 −0.23 51.1 100 α-Fe2O3

F-500d Fe3+ 0.25 −0.22 51.4 100 α-Fe2O3

aIS Isomer shift; bQS Electric quadrupole splitting; cUncertainty is ±5% of reported value; dRoom
temperature

phase transfer in considering that both of them are sensitive to local geometries and
electronic structure of atoms in the composite. Figure 2 shows the 57Fe Mössbauer
spectra of 50FH calcined at different temperatures and the corresponding para-
meters are summarized in Table 1. The results indicate that all the 50FH samples
calcined below 500 ◦C are pure γ-Fe2O3. Both of the magnetic hyperfine fields
enlarged with the increase of calcination temperature indicating that the crystalline
phase of γ-Fe2O3 becoming perfect while temperature increasing. When the sample
is heated up to 600 ◦C, the poorly crystalline and surface species disappeared and γ-
Fe2O3 transformed to α-Fe2O3. Differences are also observed in Fe K-edge XANES
(Fig. 3a). The pre-edge peak is due to the quadrupole transition of 1s to 3d orbits,
contributed by distorted octahedral coordination Fe sites (Oct) and tetrahedral
coordination Fe sites (Tet), but for α-Fe2O3 there is only distorted Oct [9]. Much
higher pre-edge peaks for 50FH-FD, 50FH-400 and 50FH-500 than that of α-Fe2O3

indicating further the co-existence of Tet and distorted Oct sites, the pre-edge peak
for 50FH-600 is also higher than that of α-Fe2O3 due to having more or progressively
distorted Oct which resulted in higher magnetization. Since the iron oxides are almost
encapsulated in HAP and the surface modifiers can recover the under-coordinated
Fe surface sites back to a bulk-like lattice structure with octahedral sites, the distorted
Oct should be the interior lattice configration [10]. Figure 4 and Table 1 depicted the
57Fe Mössbauer spectra and corresponding parameters of FeOx, the results indicate
that F-FD and F-300 are pure γ-Fe2O3. With increasing the calcination temperature,
the crystalline phase of γ-Fe2O3 became perfect which resulted in the enlarged
magnetic hyperfine fields. When the calcination temperature was higher than 400 ◦C,
γ-Fe2O3 transformed to α-Fe2O3. The Fe K-edge XANES are shown in Fig. 3b,
for F-FD and F-300 with the highest pre-edge peak due to co-existence of Tet and
distorted Oct Fe sites. F-400 has a higher pre-edge peak than α-Fe2O3 indicating
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Fig. 3 Fe K-edge XANES
spectra for 50FH (a) and F (b)
samples after different heat
treatment
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there are a lot of distorted Oct and surface under-coordinate Fe sites. F-500, with
almost same intensity of pre-edge peak as α-Fe2O3, indicates that the distorted
Oct and surface under-coordinated Fe sites decreased with increasing calcination
temperature which may be due to the increased size of iron oxide nanoparticles.
However, α-Fe2O3 exhibits two separated peaks due to electron transition from 1s
to t2g and eg sub-bands while for F-500 only a broad peak can be observed. The main
reason is that the disorder in the nanoparticle lattice leads to diverse energy levels of
the 3d orbits [10].

It is a little different compared with our previous results in which there is still
much γ-Fe2O3 in the Au/FH calcined at 600 ◦C [7]. The presence of gold favors the
production of Fe3O4 which will be further oxidized to γ-Fe2O3 when suffering heat
treatment [11].
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Fig. 4 57Fe Mössbauer spectra
for F samples after different
heat treatment
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4 Conclusions

In conclusion, there is strong interaction between HAP and nano iron oxide particles
surfaces and the interaction imposed by HAP can stabilize the size and crystal
phase of γ-Fe2O3. During heat treatment, the interaction imposed by HAP could
produce large amounts of distorted octahedral coordination Fe sites in the interior
lattice and result in strong magnetic properties. The thermally stable γ-Fe2O3-HAP
may provide a new opportunity for developing efficient supported crystal-dependent
catalysts.
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